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Combustion in subsurface forest floor fuel (either duff or peat) 
proceeds by smoldering combustion. This slow moving, long duration 
fire reduces organic matter on the site and produces quantities of 
smoke for long periods of time. While some duff reduction may be 
beneficial to regeneration, excessive removal may lead to diminished 
productivity and detrimental fire effects. Studying the smoldering 
process in duff and duff-like fuels will improve the ability to predict 
smoldering fire behavior and effects.
The probability peat will burn once ignited can be estimated from 
moisture content, inorganic content, and bulk density (mass per unit 
volume). The likelihood smoldering will be sustained decreases as any 
of these variables increases. Probability of sustained smoldering also 
depends on the inorganic component source and organic matter particle 
characteristics.
Peat moss was conditioned through a range of moisture contents from 
oven dry to greater than 1.2 fractional moisture on an oven dry, 
mineral-free basis. It was mixed with mineral soil to represent a 
range of mineral contents from inherent mineral in peat through the 
mineral contents seen in upper mineral soil horizons. The mineral 
soil, sifted to finer than 240 mesh, was from one of three sources: an 
illitic silty clay, an ash cap soil (allophane clay), and powdered 
silica. The mixture was then packed in an insulated test box to one of 
three organic bulk densities representing the range encountered 
commonly in the field. The fuel was ignited, then observed for 
self-sustained combustion.
Logistic regression analysis was used to develop classification 
equations from the bum/no burn data. These equations can be used to 
predict whether organic matter will support smoldering combustion 
following ignition.
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SMOLDERING COMBUSTION LIMITS IN PEAT AS INFLUENCED BY MOISTURE, 
MINERAL CONTENT. AND ORGANIC BULK DENSITY
1.0 INTRODUCTION.
Decomposing vegetative matter making up the forest floor (duff) is 
one of many fuel strata affected by or involved in fire. Whether 
involved in absorbing heat or as a heat source, this organic layer will 
have a bearing on the biological and physical fire effects. Equations 
can be used to predict duff consumption or duff reduction extent such 
as those developed by Brown et al. (I985) and Little et al. (I986). 
However, ground fire behavior has not been thoroughly described.
Rothermel (1972) evaluated the surface fire spread equation by 
considering the functional relationships involved: those acting as a 
heat source divided by those acting as a heat sink. Components 
considered in determining the heat sink included fuel moisture, fuel 
size, and the amount of fuel involved in ignition, an effective bulk 
density. Moisture, mineral content, and physical fuel parameters 
relating to density and packing are considered in evaluating the heat 
source component. Surface fires bum fuel adjacent to the ground, but 
exposed to the air, in flaming combustion. Fuel under the surface of 
the forest or rangeland floor burns by smoldering, a flameless 
combustion process that proceeds at temperatures lower than those 
required to ignite the fuel gases evolved when plant matter is heated. 
Though smoldering is a somewhat different process from the flaming
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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combustion process evaluated by Rothermel, the balance of heat source 
and heat sink components will determine whether the smoldering fire 
will continue to spread.
The forest floor is a highly variable fuel source. Duff depth and 
moisture content show wide spatial and temporal variability throughout 
forest stands (Potts et al. I983). Characteristics such as particle 
size, shape, bulk density, and mineral content also vary widely with 
duff depth at any one location. Mineral soil may become incorporated 
in the duff as a result of freeze/thaw processes, insect and small 
animal activity, overland flow, wind throw, or forest management 
activities. The mineral content of duff tends to increase with 
increasing depth from the surface (Federer 1982, Appendix IV).
Soil chemical and physical characteristics may influence smoldering. 
Allophane clays (such as amorphous silicate mineral in soils developed 
from volcanic ash) and crystal lattice clays are hygroscopic, adsorbing 
water on their surface (Brady 1984). The water would be released 
within the fuel bed upon heating as the smoldering front approaches. 
Water may become more strongly bonded to allophane in the presence of 
organic matter (Yariv et al. I988). Lattice clays release additional 
water bound in the lattice structure as soil is heated above 500 to 
600°C (Mitra et al. I985)• Both allophane and lattice clay soils 
tend to have high capacity to adsorb cations. Allophane clays also 
have a significant capacity to adsorb anions. Cations such as calcium 
and magnesium accelerate smoldering. Manganese and iron in trace 
amounts can enhance smoldering; some anions inhibit smoldering (Barker 
and Drews I985).
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Determining and describing burning characteristics of duff are 
essential to better understanding fire effects. Frandsen (198?) 
discussed both moisture and mineral content as factors controlling 
combustion limits (conditions preventing burning) in duff.
This study's objectives were to identify, in a laboratory setting, 
physical parameters potentially preventing fire spread by smoldering. 
Peat moss provided a standard fuel and no heat source was used beyond 
ignition. Therefore, this study examined heat sink components limiting 
self-sustained smoldering in peat. The effects of moisture, mineral 
content, mineral soil type, and organic bulk density on self-sustained 
smoldering were to be expressed by equations predicting the probability 
of smoldering to complete fuel consumption.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.0 Literature Review; Ground Fire Effects and Behavior.
2.1 Introduction.
Ground fire, by definition, bums within the forest floor organic 
layer or in organic soils. Although equations have been developed to 
predict the extent of forest floor consumption or duff reduction, 
neither ground fire behavior nor its effects have been thoroughly 
described.
Frandsen (1980) identified fire behavior characterization for the 
purpose of interpreting fire effects as a two step process. First, the 
fire character is evaluated by easily classified prefire conditions.
The second step identifies how fire characteristics affecting the 
biotic (and abiotic) system can be measured and described for 
describing fire effects.
This chapter is a literature review of forest floor characteristics 
as a fuel source, behavior of ground fire (whether self-sustaining or 
enhanced by fire in surface fuels), and potential effects of forest 
floor burning.
2.2 The Forest Floor.
The forest floor is a region of continual chemical, physical, and, 
especially, biological activity. The nonliving substrate is composed 
of decaying plant and animal material, charcoal, ash, and intermixed 
mineral soil overlaying a mineral soil base. Brady (1984) described 
the forest floor as a series of organic horizons distinguished from 
each other by the degree of decomposition. Foresters recognize the Oi 
horizon as litter consisting of freshly fallen to slightly decomposed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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leaves, twigs, cones, bark flakes, etc. In the Oe horizon, or 
fermentation layer, partial decomposition has taken place but the 
original particle identity can still be determined. The Oa horizon, or 
humus, consists of more thoroughly decomposed material. Individual 
humus particle origin is no longer identifiable. In reality, horizon 
development may be quite different from that described depending on the 
stand history and the effective climate. The Oe and/or Oa layers may 
be missing.
Organic (peat) soils form by repeated layering of dead bog or marsh 
plants, only partially decomposed because of limited oxygen in the bog 
environment. Peat bogs commonly become forested as they eventually 
fill in with decayed plant matter. Peat soils occupy between 10 and 12 
million ha in the contiguous United States and more than 300 million ha 
worldwide, occurring mostly in areas with cold climates (Brady 1984). 
They are very common in Alaska, northern Canada, northern Asia, and 
northern Europe, and are present in Australia.
Forest floor organic horizons are commonly lumped by the term duff. 
Authors variously refer to duff as litter, fermentation, and humus 
layers or as just fermentation and humus. In this paper, duff will be 
referred to as the fermentation and humus layers, recognizing in some 
forested stands dry matter rapid turnover rates prevent humus layer 
formation. Bockheim and Leide (1986) determined the turnover rate, or 
dry organic matter half-life in red pine (Pinus resinosa) was only 4.7 
years. Slow decomposition rates in cool moist environments allow 
decayed matter accumulation in a humus horizon up to several 
centimeters. Aside from the fact some horizons may be missing or very
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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thin, the actual distinction between horizons is made very subjectively 
(Federer 1982). Fermentation and humus layers may be mixed by such 
processes as windthrow, animal burrowing, or management activities in 
forested stands further confounding separation by classic 
designations. Differences in moisture content, particle size, and bulk 
density between the upper portion of duff and the lower portion have 
led some researchers to divide duff to upper and lower layers. This 
very subjective distinction defies further description but is loosely 
analogous to the fermentation and humus horizons. In organic soils, 
accumulations of peat may be centuries old, several meters deep, and 
uniform in character compared to organic horizons.
Considering the behavior of fire passing over the forest floor 
encourages further departure from soil science terminology. The Oi, or 
litter layer is generally quite loose or porous in contrast to duff as 
defined above. Surface fire generally consumes litter, slash, and 
surface vegetation as the flaming front passes in fuels sufficiently 
dry to bum. Duff generally bums after flame front passage, by 
glowing or smoldering combustion. With this distinction in mind, the 
litter layer will no longer be considered as a part of the forest floor 
involved in ground fire. Peat also bums by glowing and smoldering 
combustion (Wein I98I). Though distinction to layers in peat is not 
required, gradients in moisture and density may effect the combustion 
process.
The forest floor composition and fuel bed physical and chemical 
characteristics vary between stands depending on stand history, soils, 
climate, stand age, and cover species. Harrington (I986) found a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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positive correlation between forest floor depth and loading (mass per 
unit area) in ponderosa pine (Pinus ponderosa vars. scopulorum and 
arizonica) in Arizona. When he developed regression lines for sites 
sampled by other researchers, he found considerable diversity from one 
stand to the next and cautioned against widespread application of 
forest floor relationships without site specific testing. However, 
bulk density in any one stand was relatively constant throughout that 
stand. Woodard and Martin (1980) found forest floor bulk density 
relatively constant through the duff depth range encountered in eastern 
Washington subalpine stands of lodgepole pine (Pinus contorta Dougl.). 
Within stands, considerable variability in duff depth and therefore, 
duff load was found, potentially impacting both fire behavior and its 
ecological effects. Barney et al. (1981) described forest floor 
characteristics in four interior Alaska cover types: upland black 
spruce (Picea mariana Mill.), lowland black spruce, white spruce 
(Picea glauca (Moench) Voss), and paper birch (Betula papyrifera 
Marsh.). There were significant differences in bulk density between 
litter and humus layers. The correlation of depth with bulk density 
was better than the correlation of depth with load. Within a stand, 
organic matter content and pH were more variable than between stands in 
red pine (Pinus resinosa A.T.), Norway spruce (Picea abies (L.)
Karst.), and sugar maple (Acer saccharum Marsh.) plantations (Riha et 
al. 1986). Duff moisture and duff depth exhibited great spatial 
variability in western Montana subalpine fir/menziesia (ABLA/MEFE) and 
Douglas-fir/ninebark (PSME/PHMA) habitat type (Pfister et al. 1977) 
sites (Potts et al. 1983). Because duff moisture was related to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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topographic position, a stratified random sampling procedure was 
recommended for determining duff moisture.
Peat physical properties in forested peatlands of northern Europe
have been summarized and described by Rummukaimen (1984). Bulk density
depends on peat type (sedge, sphagnum moss, or woody), with sphagnum
moss the lowest. Bulk density increases with degree of decay or
humification and with depth along with horizontal (spatial) variation
ranging from 25 to 220 kg/m in peat sites in Finland with an average
of 80 kg/m̂  in unditched peat. Cutting ditches to drain peat sites
increases peat bulk density. The bulk density range of 40 to l43
kg/m  ̂was observed by Elowson and Rytter (1986) in forested sphagnum
sites in Sweden. Ellery et al. (1989) sampled peat near the subsurface
fire front in Okavango Delta of northern Botswana. The average bulk
qdensity was 100 kg/m̂ . Peat from a swamp in Ontario Canada ranged 
from l80 to 220 kg/m  ̂(Munro 1982). The mineral or ash content is 
defined as less than 40% but is normally less than 20% of the dry 
weight (Rummukaimen 1984). Moisture content varies depending on water 
table depth and extent of ditching.
Organic soils may be fertile as crop land or forest soils once they 
have been drained. Drainage lowers the water table, improving soil 
aeration and increasing soil temperature (Lieffers and Rothwell 1987). 
Lieffers and MacDonald (1990) found increased foliar nutrient status 
and growth rate in black spruce and tamarack (Larix laricina (Du Roi)
K. Koch) with increased depth to the water table in peatlands in 
Alberta, Canada. Drainage also increases the bearing capacity of the 
top layers improving the ability to bear vehicle traffic, aiding
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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harvesting (Rummukainen 1984). Although draining peatlands improves 
their conditions for forest growth and management, it may increase the 
fire risk by decreasing the surface layer moisture content.
Organic soils are sometimes prepared for growing crops by first 
burning off a portion of the peat to decrease the organic matter 
thickness, reducing the depth to the mineral soil horizon. Peat may be 
mechanically stripped off and windrowed to dry for more rapid burning. 
Ineffective burning of wet peat removes insufficient quantities or 
produces an excessive smoke pollution problem. Burning when it is too 
dry produces a fire hazard or causes greater organic horizon reduction 
than was prescribed.
Organic horizon management depends on the site and the objectives for 
species composition. Harvey et al. (I987) stated that organic matter 
quantity and distribution have integral and sometimes critical roles to 
play in supporting forest tree growth. Organic matter supports 
essential forest microbial activity, has the highest nutrient 
concentration, supports most of the nitrogen fixing activities and 
symbiotic associations, has high cation exchange capacity (CEC), and 
has high moisture holding capacity. Conifer feeder roots concentrate 
in the soil organic matter. Even though exposed mineral soil enhances 
germination (often resulting in overstocking), adequate stocking of 
most species occurs by natural regeneration in retained duff on 
harvested sites in north Idaho (Graham and Morton I988). Planted 
seedlings show improved root form when planted in duff as compared to 
mineral soil. Prescribed burning for slash fuel and duff reduction on 
these sites tended to enhance shrub seed germination resulting in shrub
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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field growth rather than coniferous forest (Graham and Morton 1988). 
Aksamit and Irving (1984) observed sphagnum (Sphagnum spp.) black 
spruce regenerated better on unburned than on burned seedbeds.
Other species respond with improved seedling establishment after fire 
has removed duff. Regeneration on feather moss (Pleurozium schreberi 
(Brid) Mitt) seedbeds was improved by burning (Askamit and Irving
1984). In southeastern Manitoba, jack pine (Pinus banksiana Lamb) did 
not regenerate adequately on sites with undisturbed duff (Chrosciewicz 
1978). Shearer (1984) found larch (Larix occidentalis Nutt.) 
established by natural regeneration more readily on burned than 
unbumed clearcuts. Zasada and others (I987) found survival and early 
seedling growth of black spruce, paper birch, and other broadleaf 
species was positively correlated to burn severity in black 
spruce/feather moss sites in Alaska's boreal forests.
Some duff characteristics decrease its value as a seedbed. The 
darker duff surface compared to most mineral soils, tends to absorb 
rather than reflect radiation, potentially heating duff to temperatures 
lethal to seedlings (Potts 1987)• However, duff may also act as a 
thermal barrier to temperature extremes in underlying mineral soil. The 
organic layer contains most microorganisms of the forest floor, some 
pathogenic to conifers and broadleaf trees. Brady (1984) discussed two 
reasons organic soils may not provide the best moisture environment for 
plants. Though organic matter can hold far more water by weight at 
field capacity than mineral soil, less water is available to plants 
because water is held at a higher tension by organic matter. Further, 
organic soils have very low bulk densities compared to mineral soil so
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the amount of available water in a volume of organic soil may not be 
significantly more than in the same volume of mineral soil. Potts 
(1985) discussed a possible relationship between water potential in 
forest duff and regeneration success. Organic matter has a much higher 
water holding capacity than mineral soil. During droughty periods 
water in organic matter may be held at extreme water potentials, making 
it unavailable to seedlings. In summary, the importance of duff to 
regeneration depends on species and site characteristics.
2 .3  Ground Fire: Fire Behavior
Ignition of subsurface organic matter often occurs when surface fire 
ignites larger fuels, providing the longer term heating necessary to 
penetrate the surface. Lightning strikes to trees often ignite deep 
organic collections at the tree's base and fire "holds over" in a 
smoldering state until fanned by winds (Anon. 1988). Compaction in 
ground fuel organic matter as compared to surface fuel limits available 
oxygen, limiting flaming combustion (oxidation of volatile gases 
produced by heating carbonaceous matter and characterized by emission 
of heat and light energy). Ground fuels bum by smoldering combustion 
when protected from or insulated from air, but will burn more rapidly 
by active glowing combustion on fuel surfaces exposed to air.
Fire spread by flaming combustion in surface fuel is described 
mathematically by Rothermel (1972) as heat source components divided by 
heat sink components. While ground fire usually does not bum by 
flaming, its propagation may involve the SEune basic concept. Fuel 
adjacent to a burning front is preheated. If the heat source, that is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the amount of heat being produced, is greater than the heat sink, the 
heat lost in the system, combustion will sustain itself and the fire 
spread. Frandsen (1991) stated that in the case of two heat sink 
parameters, propagation could be slowed or stopped if sufficient heat 
was not produced by combustion to overcome losses due to heat of 
vaporization of moisture in fuel and loss to inorganics which absorb 
heat but do not oxidize to release additional heat to the process. He 
also found the rate of smoldering propagation was dependent on moisture 
content and the amount of incorporated inorganics.
Describing the concept of Rothermel's (1972) model and the fuel and 
fuel bed parameters found important to modeling surface fire spread 
will help in understanding the potential role of the physical and
chemical properties of organic soils and horizons to fire spread. Heat
sink components include the heat of preignition, the amount of heat 
required to bring a particle of fuel to ignition. This component is 
dependent on the specific heat of the particle, the amount of moisture 
present, water's specific heat, the temperature range to bring the 
water to boiling, and the heat of vaporization. These terms will be 
similar for surface or subsurface fuel. Importantly, the heat of
preignition is also dependent on the the temperature range to bring the
fuel to ignition. As reported later, this temperature may be 
considerably lower for subsurface fuel which will burn by smoldering in 
an insulated environment than for surface fuel with exposed surfaces 
which will bum, at least initially, by flaming. Other heat sink terms 
relate to the effective bulk density, the amount of the fuel present 
that must be brought to ignition temperature, and an effective heating
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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number, relating to the amount of the particle that must be brought to 
ignition temperature. For very fine fuels, this number is near one, 
meaning the entire particle must be heated to bring it to ignition. As 
these parameters increase, the heat sink term increases, decreasing 
fire spread.
Heat source terms are more involved. The amount of heat energy 
produced depends positively on heat content of the fuel, the weight of 
fuel present, and the efficiency of the combustion process. Moisture 
and minerals in the fuel reduce the amount of heat produced. Fuel bed 
parameters bulk density and particle density define the packing ratio. 
In surface fuels, fuel particles packed too loosely lose heat energy in 
transfer from one particle to the next. They also become less 
efficient heat producers when packed too tightly, restricting air 
flow. The particle size was also found to be important. Fire moves 
rapidly through moderately spaced very fine fuels, but fine fuels 
packed tightly dramatically reduce the spread rate.
Smoldering and glowing combustion are solid-phase oxidation of 
activated Char. In other words, the combustion reaction zone is 
situated on the surface of solid fuel and moves inward to unburned 
fuel. In comparison, oxidation by flaming combustion occurs as 
flammable gases are evolved from the solid fuel and move to the 
combustion reaction zone above the solid fuel surface. LeVan (1984) 
distinguished smoldering from glowing. Smoldering can proceed without 
propagation by combustion of volatile pyrolysis products and can occur 
in materials not previously converted to char. Smoldering combustion 
is Eissociated with materials with high surface area and good insulating
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properties, so little heat loss occurs. Glowing may occur on large 
fuel pieces directly exposed to air but experiencing considerable heat 
loss.
Particles in organic soils and organic horizons are very small 
compared to slash and litter fuels. This small size translates to high 
surface area to volume ratio enhancing its ability to ignite. Mutch 
(1964) tested the time required for spontaneous and pilot ignition in 
cast ponderosa pine needles and sphagnum moss. Moss ignited more 
rapidly than pine needles, even when the needles were ground and tests 
conducted on both materials of the same size class. Other physical and 
chemical properties inherent to the species may also affect the ease of 
ignition.
Organic matter can ignite at temperatures much below those typically 
observed in flaming combustion (Hosking 1936). At temperatures as low 
as 100°C, an appreciable loss of humic acid, high in organic carbon, 
may occur. From lOÔ C to 200°C mass losses are due to distillation 
of organic matter volatile constituents. Between 200°C and 300°C, 
destructive distillation occurs along with carbonization of the 
residue. Above 300°C the carbonaceous material ignites. Kubler et 
al. (1985) described the generation of heat in wood heated to 
temperatures between SÔ C and 130°C. This exothermic self-heating 
causes mass loss, chemical changes, can lead to charring, and sometimes 
to smoldering combustion (Schaffer I98O). Schaffer (1980) explained 
smoldering may begin in cellulosic materials after prolonged low level 
heating. Eventually, wood products convert to char after long term 
heating above 150°C for 1 year or more. Charcoal present in the
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thermal degradation of cellulosics is fundamental to the initiating 
smoldering combustion. This process occurs much more rapidly at 
temperatures greater than 220°C.
Shafizadeh (I985) described thermal degradation of cellulose 
accelerating not only in the presence of air, but also in the presence 
of water and steam. It is autocatalyzed by the formation of carbon 
dioxide and carboxyl acids. In other words, the reaction products 
formed as the temperature increases, accelerates the degradation 
process. When heated above 300°C, cellulose rapidly decomposes. 
Cellulose pyrolysis (thermal degradation without oxygen) forms three 
products: a char fraction, a tar or heavy oil fraction that volatilizes 
out of the heated zone but readily condenses on any cooled surface, and 
a gaseous fraction containing both condensable and non-condensable 
products (Shafizadeh I985). These condensable products are likely 
responsible for the hydrophobic soil layer formation and surface 
hydrophobicity observed after fire (Scholl 1975).
In cellulosic materials with a high specific surface such as those 
with fibrous or fine particulate structure, smoldering occurs as a 
primary combustion process with char formation and oxidation occurring 
consecutively and at relatively low temperatures (Barker and Drews
1985). Low temperatures and the presence of moisture and minerals 
increase the amount of char formed in combustion and favor smoldering 
combustion (or no combustion at all) over flaming combustion 
(Shafizadeh and DeGroot 1976). Cellulose treated with flame retardants 
lost weight more rapidly by volatilization of cellulose, had a lower 
threshold temperature for active pyrolysis, and showed an increase in
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the amount of char formed over non-treated cellulose (Llpska and Wodley 
1968). In decomposing plant matter, biological degradation removes 
some cellulose cell wall material leaving a higher lignin content. 
Whereas cellulose converts in combustion primarily to combustible and 
noncombustible volatiles, lignin primarily contributes to char 
formation, burning at the slower smoldering rate (Shafizadeh and 
DeGroot 1976).
A variety of metal ions such as sodium, potassium, manganese, iron, 
calcium, magnesium, and other alkaline earth metals catalyze oxidation 
of char during glowing, some needed only in trace amounts (Barker and 
Drews 1985). Philpot (1970) found a relationship between silica free 
ash content and pyrolysis in natural vegetation. In the range of ash 
content between 0% and 12% of the dry weight, fuels with higher ash 
contents show a decrease in maximum volatilization rate, increase in 
residues, and a decrease in the initiation temperature for active 
pyrolysis. The maximum volatilization rate is positively correlated 
with phosphorus and calcium content. Pyrolysis temperatures and 
oxidation initiation in peat are lower in high mineral content peats 
(Aho et al. I989). Yariv et al. (I988) found allophane appears to act 
as a catalyst in organic matter oxidation by lowering the onset 
temperature for oxidation. It also delays part of the oxidation to 
higher temperatures than are required to oxidize organics in the 
absence of allophane. Clay minerals, particularly smectite clays, 
catalyze decarboxylation and hydrocarbon cracking (carbon bond cleavage 
reactions) at low temperatures of 65°C to 150°C producing simpler 
hydrocarbons and CO^ (Johns 1979. Heller-Kallai et al. 1984). In
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summary, the presence of inorganics in fuel which bums by smoldering, 
may decrease the temperature at which the fuel ignites, may enhance the 
tendency of the fuel to smolder rather than bum by flaming, and may 
catalyze the smoldering process. However, excess amounts of inorganics 
will prevent combustion altogether.
Subsurface organic matter combustion may occur with long duration 
heating from burning large surface fuel or by self-sustaining 
smoldering. Most fuel consumption occurs after the flame front has 
passed, particularly if burning occurs when the duff and large fuels 
are dry. Kauffman and Martin (1989) estimated 86% of the consumption 
in late spring bums and 96% in early fall burns occurred after flame 
front passage in prescribed understory burns in mixed conifer forests. 
Sandberg (I98O) described duff reduction resulting from prescribed 
understory burning in stands dominated by Douglas-fir (Pseudotsuga 
menziesii) in western Washington and Oregon. He found duff below 30% 
moisture content bumed independently of surface fuels. At moisture 
contents greater than 120%, little duff consumption occurred regardless 
of the fuels present on the surface. Between these values, the amount 
of duff consumed was related to the amount of surface fuel available to 
bum and provide the heat necessary to dry the duff sufficiently for it 
to burn. Self-sustaining combustion at <30% moisture content has been 
observed after prescribed bums in other forest types in north Idaho 
and western Montana by Brown and others (1985) and by Hartford and 
Frandsen (1992) in test bums. Van Wagner (1972) also related duff 
consumption to duff moisture content but additionally noted 
relationships between moisture and consumption were conditional on the
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2duff weight; at least 3 kg/m . Frandsen (198?) reported mineral soil 
presence soil could affect smoldering; mineral content and moisture 
content were additive in limiting self-sustaining combustion.
Personal observations indicate ground fire, once ignited, burns first 
downward, then spreads both horizontally and vertically under the 
litter in a wedge front as illustrated by Agee (1973) and described by 
McMahon et al. (1980) and Frandsen (1990). Smoldering proceeds, 
insulated by litter or a charred or ashed layer above, until the 
surface layer collapses and is consumed. In organic soils, fires can 
last for months, burning downward to the water table as well as 
horizontally (McMahon et al. I98O). Peat fires may be self-sustaining 
even at moisture contents of 100%. Smoldering fires in organic soils 
leave a thin unbumed crust that can collapse, making them particularly 
hazardous fires to suppress. In organic soils, once peat dries it 
becomes exceedingly difficult to wet (Wein I98I, McMahon et al. I98O) 
as water beads on the surface or flows through the macropores without 
adsorbing to the surface of peat particles, thus increasing suppression 
difficulties.
The smoldering front moves at a very slow pace when compared to the 
surface or crown fire spread rate. Ground fire may continue for hours, 
days, or months after surface fire has passed, depending on the amount 
of available organic fuel. The mean spread rate in peat soils is 4 cm 
per hr (Wein I98I). The rate observed in organic horizons ranges from 
1 to 6 cm per hr. However, organic matter often ignites at many points 
at once and ground fire spreads from numerous points in a stand. This 
also leads to a jagged edged front and contributes to nonuniformity in
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the final depth of bum pattern. Wein (I98I) points out spatial 
variability in peat chemical and physical properties, and particularly 
moisture content variation, adds to nonuniform bum pattem.
As described previously, the combustion process in these organic 
fuels proceeds by first pyrolyzing or charring, then ashing or 
oxidizing to white or light gray ash. This process produces 
considerable amounts of carbon monoxide and varying amounts of smoke 
(McMahon et al. I98O). The thin insulating crust decreases the amount 
of oxygen entering the reaction front slowing the combustion rate and 
smoke production. When this crust collapses, combustion rate and smoke 
production rate dramatically increase. Smoke production also increases 
during attempted suppression when fresh smoldering surfaces are exposed 
to air. Because smoldering may proceed for days or months, smoke 
management becomes a concern.
Low temperatures occur within smoldering fuels relative to flame 
temperatures (800°C to 2000°C depending on the air-fuel mix). With 
low oxygen flow in compressed organic horizons and soils. Hartford and 
Frandsen (1992, and data on file at Intermountain Fire Sciences 
Laboratory (IFSL)) have observed temperatures within the combustion 
zone of 200°C to 600°C in field and lab studies. Temperatures as 
high as 900°C have been recorded in glowing fuels directly exposed to 
moving air. Wein (I98I) reports temperatures common in laboratory 
studies of glowing combustion in organic soils of 200°C to 500°C. 
Although temperatures are low compared to those of flaming, the 
duration of heating has a high impact on the site. Thermocouples in 
smoldering duff at conifer root collars in a prescribed understory burn
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in a pine-fir-larch forest in Glacier National Park indicated 
temperatures near 300°C for 5 to 6 hours and near 450°C for about 
30 minutes (Kilgore 1985). Long duration bums such as this may give 
the impression of low severity, while consuming the organic horizon 
(along with the seed bank and roots) to mineral soil. Cremer (1962) 
indicated significantly different vegetation patterns follow crown, 
surface, or smoldering combustion fires in humus, but no tree, no 
matter how thick its bark is likely to survive the smoldering 
combustion fire.
Substantial prebum duff depth may yield most complete duff 
consumption given sufficiently dry fuels. Latham and Schlieter (1989) 
found that the ignition probability from simulated lightning discharges 
was primarily dependent on duff depth in duff from short needle 
conifers and on moisture content for long needle conifers. The 
probability of ignition increased with increased duff depth and 
decreased with increased moisture content. Chrosciewicz (I967) 
described duff reduction from burns carried out during the summer 
drought period was related to initial duff depth on clear cut jack pine 
sites in Ontario. Shallow duff (2.5 cm or less) was not appreciably 
reduced in depth even though substantial reduction occurred in duff 
deeper than 7 to 9 cm. The depth of burn or depth of duff reduction 
was highly variable over entire stands. Covington and Sackett (I986) 
also reported most complete forest floor consumption occurred in 
locations with organic matter accumulations. As mentioned in the 
forest floor description, spatial distribution of duff depth and 
moisture varies substantially across a stand resulting in variability
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of the post-fire forest floor condition. Wein (I98I) reports similar 
discontinuity in bum patterns in peat.
Dry organic matter will bum until reaching a mineral soil surface 
providing long duration heating to the mineral soil surface. Soil 
moisture and duff moisture, by modifying the extent of duff or peat 
combustion, will also modify the temperature applied to the mineral 
soil surface and the downward heat flux into soil (Frandsen and Ryan
1986). Heyward (1938) observed maximum temperatures of only 79°C in 
mineral soil beneath a heavy forest floor under longleaf pine (Pinus 
palustris), protected from fire for 15 years. He noted the forest 
floor had not been entirely consumed. Non-lethal temperatures have 
been observed in duff and underlying mineral soil in various test bums 
whenever duff was too moist to sustain combustion (Frandsen and Ryan 
1986, Hartford and Frandsen 1992).
In summary, ground fire behavior fluctuates across a typical forest 
stand because of the ground fire's dependence on fuel displaying 
considerable spatial variability in depth, bulk density, mineral 
content, and moisture content. The variability in behavior will 
translate to variation physical and biological fire effects.
2.4 Ground Fire Physical Effects.
Fire effects literature generally does not specifically refer to fire 
effects from ground fire. However, knowing the glowing combustion 
time-temperature characteristics allows one to infer expected effects. 
Since the ground fuel reduction by fire varies on a site, the effects 
can be expected to vary related to consumption at any particular
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microsite. Probable effects will be described assuming complete 
organic layer reduction to a white ash residue. In other words, the 
most severe ground treatment will be assumed, recognizing the effects 
described will grade to a less pronounced condition with less complete 
combustion.
Agee (1973), Wells et al. (1979), Boyer and Dell (198O), Wright and 
Bailey (1982), and Clinnick (1984) summarized the fire effects on 
soil. These authors and the research they cite form the basis of much 
of the description to follow.
The majority of soil nutrients are located in the soil organic 
matter. Burning removes this nutrient source by volatilization and by 
the movement of fly ash in smoke and ash removed by wind and water 
erosion. Some addition of nutrients to mineral soil occurs by leaching 
from ash remaining on site. Also, ash and charcoal become incorporated 
in the upper portion of mineral soil. Organic matter oxidation may 
influence the mineral soil nutrient status. However, reports indicate 
nearly as much variety in response as researchers studying the subject 
and sites to consider. Lack of uniformity in sampling techniques 
presents an interpretation problem along with lack of information tying 
specific results to specific fire treatments at specified depths within 
the soil profile.
A variety of nutrient condition changes have been found following 
fire and these conditions may persist from weeks to yesirs. Soil pH 
increases in response to burning because the typically acidic organic 
matter is removed. Complete removal of organic matter results in the 
loss of nitrogen and sulphur. Aluminum decreases at temperatures above
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l80°C and exchangeable calcium is lost at 300°C. Exchangeable 
potassium persisted even at temperatures above 500°C. DeBano and 
Klopatek (1988) found a short duration {45 day) increase in 
bicarbonate-extractable phosphorus but about 50% of the total 
phosphorus on site was lost in combustion of litter. Convington and 
Sackett (I986) reported increases in ammonium and nitrate nitrogen in 
soils under ponderosa pine litter in Arizona persisted for a four to 
five year period. Reburning resulted in a secondary nitrogen surge. 
Conversely, Banerjee and Chand (198I) observed decreases in available 
nitrogen, phosphorus, and potassium correlated inversely to burn 
severity and amount of organic matter lost. Macadam (I987), describing 
soil chemical properties in response to broadcast slash burning in the 
sub-boreal spruce zone of central British Columbia, found a 28% to 36% 
reduction in the forest floor. Soil nitrogen increased, as well as 
available phosphorus, calcium, and magnesium. Exchangeable potassium 
was negatively correlated to forest floor depth of bum.
Many fire studies involving nutrient status change consider only a 
limited portion of the full nutrient cycling picture. Primarily 
studies have been concerned with decreases in nutrients following fire 
or changes in the availability of nutrients. However, nutrients may be 
added back to the soil at the fire site by increased litter fall from 
fire injured or killed plants on site, by addition of ash from burned 
vegetation, by mass transport of ash by water, wind, or the smoke 
column to other locations within the burn site, to adjacent sites, or 
transferred within the soil by leaching (Grier 1972). Marion et al. 
(1991) found increased fire severity resulted in increased ash
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deposition on the bumed site, increased nutrient concentrations of 
several nutrients, and increased availability of all nutrients analyzed 
in the ash. In other words, the amount of nutrients added to the site 
was determined both by the amount of standing biomass burned and by the 
extent to which the fuel was completely oxidized. Clayton (1976) found 
concentrations of sodium, calcium, potassium, magnesium, and nitrogen 
were 20 to 70 times greater in precipitation falling through the smoke 
column of an intensely burning forest fire in Idaho than in normal 
precipitation. Additional nutrients are added by dry deposition to 
plant foliage and the ground surface. A third method of deposition is 
impaction, deposition from a horizontal plane by wind. Measurements of 
total nutrient deposition indicated fire may only be responsible for 1 
to 4 percent of the annual nutrient gain in standing timber in adjacent 
watersheds.
Summarizing nutrient changes, nutrients in organic matter may be 
mostly removed from the site by oxidation to ash and subsequent removal 
of ash by wind and water erosion. Nutrients may be mineralized by 
organic matter combustion and remain on site. Strong damping of the 
heat treatment observed with increasing depth in the mineral soil 
indicates, with the exception of intense slash pile bums, smoldering 
strongly heats only the upper mineral soil surface, particularly in wet 
soil. Changes in site nutrient status then would be directly related 
to the amount of organic matter removed. Changes in nutrient status in 
soil would be expected at relatively shallow depths. Nutrients 
entering the mineral soil after a burn generally are more available to 
plants than when tied up in soil organic matter. Major changes in
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nutrients could be expected when mineral soil erodes following a severe 
fire. Most temperate forest sites tend to return to prefire nutrient 
status in from less than 1 year to 5 years.
A frequently noted decrease in CEC is likely due to organic matter 
decrease. Structural changes can occur under intensely burning piles 
and may also result in a decrease in CEC. Wada (1977) reported an 
increase in CEC (30% to 50% of the pretreated value) may occur in 
volcanic ash derived soils containing allophane after drying or 
moderately heating (105°C). This is possibly due to an increase in 
the net negative charge when the soil is dehydrated. Wada (1977) also 
noted a decrease in anion exchange capacity following the same 
treatment.
Henderson and Golding (1983) described changes in soil water 
repellency after burning in forested ecosystems. Burned mineral soil 
sites were more frequently water repellent than control sites at 0 cm 
to 4 cm depths but not at greater depths. Remaining duff was highly 
water repellent on bumed sites. Recalling the tendency of tars and 
oils to distill from the combustion zone only to condense back on 
cooler soils and upper organic surfaces, one would expect some degree 
of water repellency to occur with the ground fire passage. From 
temperature profile observations in soils involved in ground fire (data 
on file at IFSL, Hartford and Frandsen 1992), volatiles condensing near 
the mineral soil surface and on the remaining litter or ash upper 
surface would be expected. This water repellent layer may remain 
through a dry summer then decrease rapidly with fall rains (McNabb et 
al. 1989) or persist for a year or more (Henderson and Golding I983,
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Poff 1989). Also, recall organic matter becomes difficult to wet once 
it has been dried thoroughly, further enhancing the hydrophobic 
character of bumed sites.
Wada (1977) summarized changes in soil consistency in clay soils 
following air drying. Significant and nonreversible decreases in the 
liquid and plastic limits were observed in soils containing allophane 
but not lattice structured clays. After drying, allophane soils 
reached plastic or liquid limits after hydrating with only 1/3 to 1/2 
the water originally needed to reach these limits. Wada (1977) 
suggests nonreversible bonding may occur between soil particles on 
drying. As smaller particles bond together, the high surface area that 
normally enables them to hold large quantities of water is decreased.
Changes in soil structure are reported under the most intense pile 
burns (Glassy and Svalberg I98I, Vogl and Ryder I969) or after severe 
fire removes all large fuels and duff. Both increases in particle size 
distribution due to aggregate formation (Glassy and Svalberg 1981) and 
accumulation of fine soil particles and ash caking the soil (Vogl and 
Ryder 1969) resulted in increased and decreased porosity respectively, 
as well as contradictory changes in bulk density. No significant 
changes in soil bulk density occur if duff is not totally consumed 
(Agee 1973)• Interpreting results and applying them to the ground fire 
case requires knowing soil type and specific heat treatment. Observed 
temperature distributions (Hartford and Frandsen 1992) indicate 
vitrification (or fusion) of particles would be expected to occur in 
volcanic ash influenced or lattice clay soils subjected to a smoldering 
duff treatment proceeding to complete duff reduction. These structural
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and textural changes would be limited to the top 1 cm to 2 cm of the 
mineral soil surface when caused by fire in ground fuel.
Typically, complete organic layer combustion results in decreased 
infiltration rates, partly explained by the loss of the porous organic 
mantle. Removing this infiltration layer may result in an increased 
tendency to erosion. Durgin (I985) described changes in soil 
dispersion and flocculation eus a result of heat treatment and treatment 
of soil by ash leachate. Results were somewhat site dependent and 
tended to counteract each other. Heating decreased dispersion thus 
decreasing the tendency to erode, but adding ash leachate tended to 
increase dispersion. Decrease in vegetative cover and water holding 
capacity in organic horizons because of removal by severe fire may 
result in an increase in water production and production rate from the 
bum site. Glassy and Svalberg (198I) found soil aggregated to larger 
particles under intense pile burns resulting in increased infiltration 
capacity. Vogl and Ryder (1969) reported bumed sites were more 
capable of holding water than unburned sites and suggested this may be 
due to the addition of ash and charcoal to the mineral soil. However, 
water was absorbed more slowly under bumed slash piles than in 
unburned, but scarified soil.
Litter color, duff residue condition, and color change in soils 
subjected to fire indicates heat treatment and has been used to 
categorize bum severity (Wells et al. 1979. Boyer and Dell 198O,
Glassy and Svalberg 198I, Ryan and Noste 1985). The author observed 
instrumented field burns and studies in the muffle furnace indicating 
soils heated to around 200°C may be darkened by charred organic
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matter. In soils heated to about 550°C incorporated organic matter 
oxidizes to white ash and is no longer visible in the soil. Soils 
heated to temperatures sufficient to ash all organics often become red 
in color, indicating a severe heat treatment.
2 .5  Ground Fire Biological Effects.
Biological fire effects depend on the extent and severity of fire. A 
mosaic of fire treatments may occur and effects on organisms can be 
expected to vary in proportion to the percentage of ground affected to 
each level of severity. Racine et al. (I987) reported a 5 to 6 year 
vegetation recovery period following tundra fires in Alaska with the 
slowest recovery occurring on those most severely bumed sites (most 
deeply bumed organic soil). The most severely bumed sites recovered 
in grasses; less severely burned sites favored sedges, forbs, and 
shrubs.
Plant heat tolerance and fire resistance determine their ability to 
survive fire (Volland and Dell 198I). Most vegetation responses to 
heat treatment depend on both the time and temperature histories on the 
site, but no living tissue will survive direct, prolonged contact with 
smoldering ground fire. Varied plant responses occur where plants have 
been protected from this contact by duff too moist to burn or by a 
protective layer of mineral soil. Wells et al. (1979) summarized 
studies relating fire behavior to temperatures observed on the surface 
and in mineral soil. A relatively thin layer (2 cm to 5 cm) of 
unburned material generally protected plant roots and seeds from 
reaching temperatures sufficient to cause tissue death.
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Plant response to ground fire relates to the site chemical and 
physical status. As described before, nutrient changes due to fire 
vary and are not thoroughly understood, but lowered pH and increased 
availability of remaining nutrients may result in improved overall 
fertility on the site for a period of time. Mineral soils left exposed 
by ground fire totally consuming the organic layer may provide a harsh 
site for seedling establishment if vitrified, eroded, or hydrophobic.
Volland and Dell (198I) noted serai species commonly have fire 
resistant bark or a reproductive strategy increasing their chance of 
survival. Mode of reproduction is one of the primary keys to 
survival. Plants storing food reserves below the mineral soil surface 
will likely survive the most severe ground fire but those with corms or 
bulbs in duff will survive only with less than full organic horizon 
consumption. Shrubs resprouting from root crowns, or rhizomes will 
similarly survive dependent upon the burn depth with respect to the 
plants’ perenating structures. Serotinous cones require heat to open 
demonstrating another survival strategy. Seed requiring heat 
scarification and transported seed will establish on sites after severe 
burning. Stickney (1986) describes the succession and vegetal 
strategies following the severe Sundance forest fire in northern 
Idaho. Plants may be grouped by strategy as survivors, residual 
colonizers, and initial offsite colonizers.
Habitat type and successional stage will influence the vegetative 
composition returning in a burned stand. What was there before or 
present in the near vicinity will return in varying degrees depending 
on burn severity and microsite conditions. Armour et al. (1984) found
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the species abundance remained fairly constant across a variety of fire 
intensity treatments, though the relative amounts of each varied. They 
also found regeneration in plants with regenerating parts near the 
ground surface or beneath the ground surface, such as graminoids, was 
dependent on duff consumption. Long duration smoldering caused more 
mortality in plants than higher intensity surface fire that only top 
killed plants. In the extreme case, ground fire will consume all seed 
banked in the duff, may kill heat intolerant seed near the mineral soil 
surface, and roots within the smoldering region of the duff or organic 
soil will be killed and at least partially consumed. This severe 
treatment will influence the regeneration species composition.
Morgan and Neuenschwander (I988) studied seed banked in duff and the 
upper 2 cm of mineral soil and shrub regeneration in dense 
mixed-conifer forests in northern Idaho that had been clear-cut and 
bumed. They identified "obligate” species as those relying on the 
seed bank for regeneration after disturbance. These short lived, and 
shade intolerant species were typically not present in the closed 
forest. Species, such as Ceanothus sanguineus, were most common in 
severely burned areas as heat scarification was necessary to encourage 
germination. "Opportunistic" species become established both as 
seedlings and by sprouting. "Nonreliant" species were present in the 
understory and in the seed-bank, but become established primarily by 
sprouting, indicating the seeds may not survive heat treatment.
Micoorganisms, both beneficial and pathogenic, utilize the soil 
organic matter as an energy source. Some do have an increased heat 
tolerance over plant tissues, but none can survive smoldering
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temperatures and duration. Their survival depends on their position 
with respect to the interface between bumed and unbumed duff.
2.6 Post-fire Forest Floor Prediction and Classification.
Prescribed fire is one tool used to prepare the forest floor for 
planting or natural regeneration. However, organic matter requirements 
for successful regeneration differ among forest species. Maintaining 
some organic matter on a site is essential to survival and rapid biotic 
community reestablishment in some forest types. Page-Dumroese et al. 
(1990) found regeneration success of planted seedlings in the Inland 
Northwest could be improved by maintaining organic horizons. Exposed 
mineral soil in other forest types such as western larch (Shearer 1975) 
and jack pine enhances regeneration (Chrosciewicz 1978). Some species, 
such as quaking aspen (Populus tremuloides Mich.) respond to fire and 
overstory mortality by suckering. Regeneration success is not 
dependent on fire severity or burn depth in organic matter (Brown and 
DeByle 1987).
Approaching prescribed fire conservatively, with the objective of 
exposing only as much mineral soil as essential to species composition 
management objectives, would preserve nutrients on the site and limit 
smoke emissions. Nutrient loss from the forest floor correlates to 
depth of duff consumed for many essential nutrients (Feller I988,
Little and Ohman 1988). Emissions, or air pollution, produced by 
prescribed fire can be dramatically reduced by limiting the amount of 
duff consumed by smoldering combustion (Sandberg 1988).
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Predicting duff reduction by prescribed fire is complex and a range
of results can be expected because of the spatial variation in duff
depth, duff moisture, bulk density, and mineral content. A number of 
authors have discussed correlations and developed equations for 
predicting duff reduction, duff consumption, and mineral soil 
exposure. The following authors have found duff moisture content, 
either expressed directly or indirectly as an index, to be a good 
predictor of duff consumption. However, moisture content alone did not 
fully explain variability in duff combustion.
Aufderheide and Morris (19̂ 9) recommended waiting to burn slash 
in fall until 3 inches of rain had occurred, then burning as soon 
as the fines were sufficiently dry to carry fire. They felt this 
insured sufficient slash removal and protected the site from undue 
heat injury.
Van Wagner (1972) found the amount of duff consumed by a fire in
eastern pine stands was primarily dependent on duff moisture
content. Predictions of duff consumption could be made based oh 
the Canadian Duff Moisture Code.
Shearer (1975) related duff reduction to lower duff moisture 
content in western larch stands in western Montana.
Norum (1977) developed duff reduction guidelines for prescribed 
burning in western larch/Douglas-fir forests dependent on lower 
duff moisture content and amount of 0- to 3-inch dead woody fuels 
consumed. Weighted average duff depths and the selected percent 
mineral soil exposure requirement determined duff reduction 
necessary to meet objectives.
Sandberg (1980) related duff consumption to diameter reduction 
occurring in surface fuels for consumption dependent on surface 
fuel fire in prescribed underburning in Douglas-fir in western 
Washington and Oregon. Correlation of lower duff moisture with 
the NFDR-Th index was used to predict duff reduction and percent 
mineral soil exposure.
Martin (I98I) found poor correlation of duff reduction with 
NFDR-Th in ponderosa pine stands with little downed woody fuels. 
Duff moistures provided a better predictor, but the relationship 
of consumption to moisture was not linear.
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Brown et al. (1985) reviewed data from a number of research 
bums dating from 1976 to I98I in western Montana and northern 
Idaho to test duff reduction against a variety of variables used 
in prior prediction efforts. Duff moisture was the most 
influential variable in predicting duff consumption, though 
consumption was also (more weakly) related to small woody fuel 
load. A relationship between percentage mineral soil exposure and 
percentage duff reduction strengthened the concept ground fire 
moves both vertically and horizontally. NFDR-Th and duff 
consumption and, to a lesser degree, the Canadian Duff Moisture 
Code were useful variables in developing prescriptions.
Little et al. (I986) found a strong relationship between duff 
moisture and duff consumption. For several days after rain, 
consumption was also related to large woody fuel load, or more 
specifically to the diameter reduction related to large fuel 
moisture content. Burning when duff is moist and removing more 
large woody fuels before burning in order to prevent excessive 
duff reduction was recommended.
Predicting wildfire or prescribed fire effects requires knowing 
prefire vegetation and classification of bum severity. Ryan and Noste 
(1985) presented a fire effects classification method based on observed 
effects on the ecosystem. Both above ground fire intensity and below 
ground probable heat pulse are determined based on observed (or 
assumed) flame length and the resulting ground condition. A site can 
be assigned a classification based on a two dimensional fire severity 
matrix to better predict potential fire effects.
2 .7  Summary and Research Needs.
Organic matter maintenance is becoming increasingly recognized as 
essential to maintaining site productivity in some forest types. Total 
forest floor consumption changes the nutrient status and removes 
protection from erosion. Prolonged smoldering substantially increases 
air polluting emissions from the fire and increases the likelihood of 
detrimental effects on organisms living in the duff.
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Predicting post-bum ground characteristics can be made knowing 
pre-bum surface fuel parameters and surface and ground fuel moisture 
status because the forest floor can act to absorb heat or act as a heat 
source depending on prefire characteristics. Predicting ground fire 
occurrence is complex because of spatial and temporal variability of 
moisture content, fuel loads, duff depth, and numerous other parameters 
more subtly influencing fire behavior. Improved understanding of 
ground fire behavior and the fuel parameters influencing smoldering may 
lead to better predictions of fire behavior and fire effects.
Frandsen (1990) found the heat released per unit mass of smoldering 
organic matter is independent of fuel packing, and mineral content and 
changes only slightly with moisture content within the range of 
sustained smoldering. However, field and lab tests on file at IFSL 
indicate the sustained smoldering process is sensitive to particle 
size, mineral content, mineral source, and packing, as well as 
moisture. The amount of organic matter consumed, therefore the amount 
of heat produced, is sensitive to these parameters.
The work described in the next few chapters was designed to determine 
the level of parameters limiting (stopping) self-sustained smoldering 
in organic soils. Similarities in forested organic soils and forest 
organic horizons have been discussed and will be further described in 
this work. Identifying the limiting factors for smoldering combustion 
in these subsurface fuels has numerous applications.
Smoke production from prescribed burns and prescribed natural fires 
is an increasing concern. Smoke production is correlated to both total 
consumption and the amount of organic matter burned by the less
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efficient smoldering process. Current predictive duff consumption 
equations don't explain all the variability observed in consumption. 
Identifying additional factors influencing smoldering and/or limiting 
smoldering will be useful for predicting the amount of smoke produced 
by burning.
Management objectives for regeneration or for watershed protection 
may specify the amount of duff reduction or mineral soil exposure 
required or allowed following prescribed burning. As noted above, 
further study is needed to fully explain duff reduction by burning. 
Improving prediction of self-sustained smoldering can improve the 
probability that management objectives are met.
Fire effects have been related to b u m  severity as observed by 
changes in the surface and subsurface organic matter. These changes 
are determined by the amount and duration of heating on and in the 
soil. Studying the limiting factors to smoldering combustion will help 
better determine the potential heat output of the smoldering process 
for improved prediction of potential fire effects.
Improving predictions of the likelihood of holdover fires requires a 
more thorough understanding of smoldering combustion limits.
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3 0 Methods.
3.1 Materials.
Peat is an organic soil developed from decaying wetland vegetation. 
Due to high moisture conditions and lack of oxygen, decomposition and 
incomplete mineralization lead to organic matter accumulation. The 
mineral content of this organic soil is relatively low, below kO% by 
definitions utilized in Europe (Rummukainen 1984). Peats form from 
sedge vegetation or from sphagnum moss and may include a woody 
component in forested sites.
Canadian sphagnum peat was chosen to represent duff in this study as 
an organic soil similar to forest duff but far more uniform in the 
physical and chemical characteristics influencing fire behavior such as 
particle size, mineral content, volatile content, and degree of 
decomposition (weathering or humification). Peat can be easily 
obtained from a wide variety of retail outlets. Although some 
variability occurs among brands, within a brand, the product is quite 
uniform from one bale to the next. Peat conditions uniformly in 
moisture and added mineral. Peat readily compresses without breaking 
particles, allowing fuel bed preparation through the bulk density 
range. Peat is a fuel of concern in some regions of northern Europe, 
Canada, the Lake States, the southeastern states, Alaska, and Australia 
enhancing its usefulness as the organic source for this study.
Two peat brands were used because the company producing the brand 
used initially was sold to another company between the study's
36
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beginning and conclusion. Green Thtunb̂  brand peat had a high fine 
fibrous material content and low inherent mineral content averaging 4%, 
(coefficient of variation ranged from 1.0% to 12.6% per bale) based on 
the dry weight of the peat. Fisson's Sunshine brand peat, though from 
the same bog, had been mined from a more humified area. It was less 
fibrous and had more broken and very fine particles, and an average 
mineral content of 8% (coefficient of variation = 6.8%). Particle size 
analysis was carried out by dry sieving (Day et al. 1979) with ASTM 
standard sieves. Table 1 describes the size class distribution of each 
brand.
Table 1. Size class distribution of peat brands used in smoldering 
combustion study.
Size class Fraction in size class
Mesh/size Green Thumb Sunshine
6 .0031 .0221
20 .1701 .2672
30 .1761 .1149
40 .2326 .1363
60 .2045 .1356
100 .1241 .1366
<100 .0896 .1873
coarse (6) .0031 .0221
medium (20) .1701 .2672
fines (<20) .8268 .7107
 ̂The use of trade or firm names in this paper is for reader 
information and does not imply endorsement by the U.S. Department of 
Agriculture of any product or service.
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Themogravimetric analysis (TGA) was run on both types of peat used in 
this study and on a several samples of forest duff. The TGA involves 
slowly heating a sample in a nitrogen environment to 500°C,
pyrolyzing the sample. The sample is cooled to 300°C, then heated in
the presence of oxygen to 650°C, oxidizing or ashing the sample.
Plant material from different sources (species or state of 
decomposition) pyrolyze and oxidize in unique patterns of weight loss 
depending on the chemical composition of the material (Rogers et al. 
1986). The thermal reactions of these chemical components partially 
control the fuel's combustion properties, and therefore, the fire 
behavior. Samples demonstrating similarities in the pattem of weight 
loss are similar in composition.
Figure 1 compares the TGA of the two peat brands used. Figure 2
compares the fermentation and humus horizons of duff derived from 
Douglas-fir needles. These plots illustrate the weight fraction 
remaining (dry weight basis) on heating as the dotted line on the 
plots. They also display the derivative of the thermogravimetric 
weight loss curve (DTG), or weight loss rate (fraction/minute) as the 
solid line on the plots. The DTG is particularly useful for comparing 
the loss rate and the temperatures at loss rate peaks. The initial 
peak, occurs below 100°C, representing moisture in the sample. In 
the pyrolysis phase, weight loss above 200°C represents charring of 
the organics. This char oxidizes to leave only ash remaining above 
600°C. Note the similarity in the loss rate curves for Douglas-fir 
fermentation and humus, the two peat brands, and peat and duff
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Indicating similarities in chemical composition affecting thermal 
decomposition or burning.
Heat is released as pyrolysis and oxidation occur. Under ideal 
conditions, all organic matter is oxidized. Heat evolved under these 
conditions is the heat of combustion, determined for these fuels by 
oxygen bomb calorimetry. In duff and peat, the heat content decreased 
with increasing mineral content. Heat contents in fermentation layers 
were generally higher than those in the corresponding humus. The heat 
content of the Douglas*fir fermentation layer shown in Figure 2 
averaged 19.4 MJ/kg with average mineral content of 15% on a dry weight 
basis. The heat content of the humus averaged 17.3 MJ/kg with an 
average mineral content of 35%. By comparison, the heat content of 
Green Thumb peat averaged 19.8 MJ/kg and Sunshine peat averaged 
19.1 MJ/kg. Both peat brands were lower in mineral content than the 
fermentation layer, yet had similar heat contents, indicating the 
purely organic portion of peat has a lower heat content than the 
organic portion of duff. This argument is further strengthened by 
considering the heat content of the litter, averaging 20.2 MJ/kg with a 
mineral content of 6%, comparable to peat. The heat content values 
reported here are common values observed in a number of forest types in 
western Montana and northern Idaho (see Appendix IV).
Duff mineral content field observations in a number of forest cover 
types (see Appendix IV) indicate a wide incorporated mineral range from 
low values in the upper duff, representing mineral inherent in the 
plant material, to high values in the upper duff, representing 
augmentation of the inherent mineral by the underlying mineral soil.
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Duff mineral content observations on file at the IFSL range from S% to 
76% dry weight based.
Three soil types, common soil components in western Montana and 
northern Idaho, were tested for their affect on smoldering fire 
behavior. One was selected to represent soils not expected to react 
chemically with the combustion process and therefore not affect 
smoldering combustion in any way other than as a physical barrier to 
heat transfer between organic matter particles. Two were selected to 
represent those most likely to affect fire behavior in duff because of 
their high capacity to attract ions that catalyze or suppress 
combustion and for their affinity for water.
Finely ground silica (SiÙ2) was used as a "standard" for comparison 
with the other two soils. The silica, obtained from a chemical supply 
company, was about 240 mesh or .06I mm in particle dimension. This 
chemically "pure" silica is free of associated cations and is not 
hygroscopic. Silica samples left in the open air did not gain weight, 
nor was weight lost on heating in a drying oven. This mineral is 
highly resistant to weathering and chemically quite inactive. This 
does not mean it may not still interact with peat in the burning 
process, but of the readily available minerals, it is the least 
reactive mineral component. Thermogravimetric analysis (TGA) resulted 
in no weight change indicating the mineral's stability at conditions 
experienced in smoldering combustion (see figure 3)- Also, silica 
(quartz) a major component in many mineral soils, dominates the sand 
and silt fractions (Brady 1984). Coarser clay fractions also contain
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
quartz. In further discussion, this "soil" will be referred to as 
silica.
Another soil was collected from a lacustrine deposit, the Glacial 
Lake Missoula silt and clay varves west of Missoula, Montana. This 
soil is of the Grass Valley series composed primarily of illitic clay, 
a silicate clay. Silicate clays are a complex secondary mineral 
composed of a crystal lattice of two types of sheets. Silicon cations, 
each surrounded by four oxygen anions in tetrahedrons, share oxygen 
anions to form one type of sheet. Aluminum and/or magnesium cations 
surrounded by six oxygen or hydroxyl anions (octahedrons) make up the 
other type. Each major silicate clay group is characterized by the 
specific layer arrangement. The high surface area of these crystals, 
substitution in the layers by cations with charges differing from the 
basic structural cation, and crystal breakage producing unshared ions 
along the edges account for the lattice clay’s high capacity to attract 
ions to their surfaces. These charged surfaces also can attract the 
polar water molecule. Strong heating can release water from within the 
layers and can eventually breakdown the lattice structure to an 
amorphous structure. See figure 3 for the soil TGA. Weight loss 
occurs when the soil is heated above 400°C and accelerates as the 
temperature rises above 500°C. This is above the typical temperature 
range of weight loss due to combustion of organics and likely 
represents release of internally bound water (personal communication 
with Ron Susott 1989)• This soil will simply be referred to as clay in 
further discussion.
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The third soil chosen also represents a soil common in northwestern 
Montana and the Pacific Northwest. The soil, of the Vassar series, is 
a silt loam volcanic ash over loamy mixed entic cryandepts collected 
near Moscow, Idaho. This soil is composed primarily of amorphous 
silicates deposited as a windborn volcanic ash cap from eruptions of 
Mt. Mazama about 6600 years ago and Mt. St. Helens 3400 years ago. The 
amorphous clay, or allophane, is an aluminosilicate as are the lattice 
clays. However, it does not have a lattice electron structure. It has 
a high surface area commonly dominated by active aluminum, complexing 
readily with humus to form a very stable soil with a high capacity to 
attract both cations and anions. Figure 3 includes the soil TGA.
Slight weight loss occurs between 300°C to 400°C and is suspected 
to represent bound water loss, although it may be organic loss. Little 
further decomposition occurs as the temperature increases. This soil 
will be referred to as ash cap to prevent confusion when speaking of 
mineral or inorganic content (ash content) or bum residue (ash).
3.2 Preparation.
Peat was conditioned to specified moisture contents by adding 
deionized water to containers of peat, mixing thoroughly, sealing the 
container, and allowing the mixture to come to equilibrium. Percentage 
moisture content was determined with a thermogravimetric moisture 
analyser (see Appendix II). Inherent peat mineral content was 
determined by mass remaining after ignition to 600°C in a muffle 
furnace (ASTM 196I).
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The clay and ash cap soils were sieved to finer than 60 mesh 
(.246 mm) to facilitate uniform mixing and to assure uniform smoldering 
propagation. All mineral soils contained a large fraction of very fine 
particles though some fraction of the clay and ash cap soils was 
considerably more coarse than the silica. They mixed readily and 
coated the peat particles similarly to the silica. Both clay and ash 
cap soils were hygroscopic and gained about 4% of their dry weight if 
left exposed to room conditions. They were oven dried and stored in 
sealed containers. The silica required no preparation prior to use.
All soils were assumed to contain no organic fraction.
The mineral content and moisture content array defining the test 
region for fuel bed parameters was determined by inspecting the 
combustion limits curve reported by Fremdsen (1987)• Specific moisture 
contents were difficult to achieve, so the peat was conditioned to 
moisture levels within the test region. Several peat batches were 
conditioned simultaneously. Once the moisture content stabilized 
within a batch, bum tests were conducted. The moisture level tended 
to drift over time as the batch container was opened repeatedly. 
Therefore, tests were generally conducted at one moisture level at a 
time to rapidly use the batch. Reconditioning to an exact level was 
essentially impossible. Moisture assignment was not random, nor was it 
predetermined because of conditioning process unpredictability.
Moisture was a continuous variable with a predetermined range.
The mineral content was assigned to a particular moisture level, once 
the exact moisture content was determined, based on the predetermined 
test condition array. The mineral soil mass added to the peat was
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calculated as the specified test ratio less the inherent peat mineral 
ratio.
Organic bulk density is the dry, mineral free organic matter mass per 
unit volume. Three organic bulk density levels (?4, 110, and I70 
kg/m ) were selected for testing. These bulk densities represent the 
minimum, the mean, and common high data values on file at the IFSL as 
sampled in the lower duff of several western Montana forest types (See 
Appendix IV) and fall within the peat bulk density range observed by 
others. Peat mineral content is generally very low, ranging from 1% to 
10% of the dry peat weight in sphagnum (Aho et al. 1989. Bohlin et al. 
1989, and data on file at IFSL). Therefore, the reported bulk 
densities are only slightly greater than the calculated organic bulk 
density. For example, Lee et al. (1988) sampled histic soils in
Wisconsin to classify types by physical and chemical properties.
3Fibric soils (peat) had an average bulk density of I30 kg/m and an 
mineral content of 10% based on the dry soil weight yielding an organic 
bulk density of II7 kg/m̂ .
Moisture and mineral contents are reported on a ratio basis. The 
moisture ratio is the ratio of the water mass to the dry, mineral-free 
organic material mass. The inorganic ratio is the added dry soil 
mineral mass, plus the dry peat inherent mineral mass, to the dry 
mineral-free organic mass.
Moisture and mineral contents in peat are often reported on a 
volumetric basis by those working with organic soils. Converting the 
ratios specified in this work to volumetric content can be accomplished 
by multiplying the moisture ratio and/or inorganic ratio by the organic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
bulk density. This yields the mass per unit volume or bulk density of 
the component. Dividing the bulk density by the specific gravity of 
the component will give the fraction of the volume occupied by the 
component.
Fuel bed packing (the volume of fuel per volume of fuel bed), or 
porosity (the percentage of the volume occupied by air). Is difficult 
to determine accurately. Peat particles change size dramatically with 
moisture content. Very dry peat fuel beds (up to about .2 moisture 
ratio) were very loosely packed due to peat fiber shrinkage. The 
particles expanded with moisture creating Increasingly dense fuel beds 
up to a moisture ratio of about .8, becoming very difficult to compress 
manually to the required volume. Beds became less uniform as the peat, 
at moisture levels greater than .8, tended to form pea size clumps with 
larger pores between clumps than between Individual peat fibers.
Approximate packing and porosity can be calculated using published 
dry peat particle density values. To determine the volume occupied by 
the peat particles (Munro 1982), small peat samples were dried then 
dipped in a liquid not absorbed by the fibers but displacing the air 
voids, such as kerosene. Brady (1984) reports organic matter particle 
densities ranging from 1100 to l400 kg/m̂ . Munro (1982) measured 
peat particle densities from an Ontario bog at 1200 to 1430 kg/m̂ . 
Packing Is calculated by the ratio of the bulk density of the bed to 
the particle density. Porosity can be calculated by subtracting the 
ratio of the bulk density to the particle density from 1. Based on the 
reported particle density range and the organic bulk density range 
tested, the dry, peat only fuel beds ranged in packing from around 5%
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to 13%, so pore space amounted to 95% to 87% of these fuel beds.
Packing for a wet (1.0 moisture fraction) fuel bed with no added 
mineral would range from about 13% at the low bulk density level to 30%
at high bulk densities. The average particle density for mineral soils
Is assumed as 265O kg/m^ (Brady 1984) a value verified In allophane 
(Blelders et al. 1990). The range In packing for a dry, but high
mineral ratio (4.0) fuel bed would range from 8% to 19% through the
bulk density range tested.
Fuel beds were prepared with moisture conditioned peat. Dry mineral 
soil was added to the specified Inorganic ratio then thoroughly mixed. 
The mixture was left In a closed container for a few minutes before 
Ignition to allow the fuel and soil to come to moisture equilibrium. 
This mixture was packed at the specified bulk density to a 4 cm depth. 
The 4 cm depth was selected after observation of temperature profiles 
and sustained duff burning In the field and large peat fuel beds burned 
in the lab (data on file at IFSL). Thin fuel beds, 2 cm deep or less, 
did not sustain combustion as readily as fuel beds 4 cm or more deep. 
This may be due to simultaneous heat loss to the air at the upper 
surface and to the mineral soil at the lower surface. Beds 4 cm or 
more deep burned with a more even downward and lateral spread rate. 
Increasing bed depth beyond 4 cm provided no advantage. Increased 
depth significantly Increased the time required to complete a test; a 
major disadvantage. The fuel mixture was placed In one of three 
randomly assigned, open topped. Insulated boxes (see figure 4). The 
Insulating material’s thermal properties and porosity were sufficiently 
similar to the peat to prevent an edge effect appearance at the
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Figure 4. Diagram of the sustainable smoldering test. Moisture 
conditioned peat was mixed with mineral soil, packed to specified 
density in an insulated box. ignited with a glowing wire coil then 
observed for sustained smoldering outcome.
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peat/insulation interface (Frandsen 1990). This allowed conducting 
tests in a small box (about 9 X 9 cm in base area); adequate due to the 
slow smoldering spread rate. The fuel bed was ignited by a glowing 
resistance coil placed 1 mm to 2 mm above the fuel surface and left in 
position for 3 minutes. All beds were ignited, then observed to 
determine if smoldering combustion would continue without additional 
surface heating.
Burn tests were conducted in the laboratory at ambient room 
temperatures (20°C to 26°C) and relative humidities (15% to 30%) 
under fume hoods with adequate air flow to ventilate the smoke but not 
enhance the bum conditions.
3 .3  Organization.
The study was divided into two phases. In phase 1, the inorganic 
portion was one of three soil types: silica, clay, or ash cap. The 
organic bulk density was held constant at 110 kg/m̂ . In phase 2, 
silica was the added inorganic source for all tests, encompassing three 
organic bulk density levels: 74, 110, and I7O kg/m .
Phase 1 was completed with Green Thumb brand peat. In phase 2,
•3Sunshine brand peat was used. A data comparison from the 110 kg/m̂  
series with silica as the added mineral from each phase was used to 
determine the difference in smoldering combustion limits attributable 
to peat particle characteristics. The moisture ratio ranged from 0.0 
(oven dry) through 1.2. The inorganic ratio ranged from the peat 
inherent mineral content through 5.4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
Result classification was clear cut. Cases were classified as "bum" 
if combustion continued until all available fuel was consumed. A "no 
bum" was as easy to determine. Fuel at the ignition point was 
oxidized to white ash and some charring appeared around the rim of the 
ignition point, but little additional fuel wais consumed. Residue was 
weighed from 370 tests (see Appendix III). After accounting for the 
inorganics in the beds, the remaining organic mass averaged less than 
5% in the "bum" cases and greater than 93?» in the "no bum" cases. 
Appendix III details fuel consumption. In 691 individual bum tests, 
only three bumed partially. These were classified with the "no burn" 
group because smoldering combustion was not sustained to complete fuel 
bed consumption. Because of the definite nature of the results, tests 
were not conducted at moisture and inorganic ratios far beyond the 
combustion limit boundary.
Table 2 details the test numbers and outcome distribution for each 
series within the two phases. Combustion limits were initially 
explored with the phase 1 silica soil series so this category contains 
substantially more bums than the other series. Considerably fewer 
burns were required to establish combustion limit boundaries in phase 2 
because the general shape and boundary extent could be anticipated. 
Relatively fewer tests were required as the organic bulk density 
increased because the combustion limit was reached at lower moisture 
and mineral contents. At all conditions, more "no bums" than "bums" 
occurred as the combustion limit was verified by conducting additional 
tests near, but just beyond, the boundary.
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Table 2. Bum outcome frequency (and % frequency) by type.
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TYPE
Outcome
Category
I
Sc
Silica
'hase 1 
)il Type 
Ash cap Clay
I
Organ]
74
'hase 2 
.c Bulk 1 
110
)ensity
170 Total
NO BURN
101
(14.62)
79
(11.43)
70
(10.13)
51
(7 .38)
42
(6.08)
29
(4.20)
372
(53.84)
BURN
83
(12,01)
74
(10.71)
68
(9.84)
37
(5.35)
33
(4.78)
24
(3.47)
319
(46.16)
Total 184
(26.63)
153
(22.14)
138
(19.97)
88
(12.74)
75
(10.85)
53
(7.67)
691
(100.0)
3.4 Analysis.
Because the dependent variable was dichotomous ( "bum" = 1 and "no 
bum" = 0), logistic regression analysis was used to develop predictive 
equations of the probability a fuel bed would burn based on the tested 
independent variable values. This analysis used the CATMOD procedure 
of the SAS System (SAS Institute, Inc. 1985).
Analyzing a logistic equation's predictive abilities is not as 
straight forward as in regression analysis. Many tests are required. 
The following discussion is based on work by Lofstgaarden (1987. 1988, 
1989) and personal communication with Joyce Schlieter (1990).
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2An R can be calculated from the CATMOD procedure output as 
follows ;
^TOT ” total sum of squares
= # "no bum" (-2 In (# "no bum"/# tests))
+ # "bum" (-2 In (# "bum"/ # tests))
SSres = residual sum of squares
found as the final iteration of -2 In likelihood 
in the maximum likelihood analysis.
SSexp = regression or explained sum of squares 
SStot ■ ^RES
^ “ ®®EXP ^ ®®TOT
2This R does not indicate how good the model is, but it can be used
to compare logistic models constructed from the same data. The model
2with the highest R is probably one of the better, though not 
necessarily the best. has an approximate chi-square
distribution and can be used to test for significant improvement of one 
model over another by considering the difference in this value 
(chi-square with two degrees of freedom).
The prob-value of the likelihood ratio from CATMOD output Analysis of 
Variance (ANOVA) table was used as one test of fit. It is the 
significance probability of the specified model compared with an
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unrestricted model. It Is an appropriate goodness-of-fit test for the 
model (SAS Institute, Inc. 1985). A hig^ prob-value is an indication 
of a good model.
The goodness-of-fit can be better tested by calculating a chi-square 
2statistic (X ) based on the observed and expected bum test outcome. 
This statistic measures discrepancy from the null hypothesis, in this 
case, that all test results are evenly distributed. A probability of 
burning (P = expected probability of burning) is calculated for each 
test condition using the logistic model resulting in a number between 0 
and 1. One represents a 100% probability of burning. Theoretically, 
test conditions resulting in a "no burn" result should have a very low 
calculated expected probability of burning. The data are grouped by
Aexpected probability of burning classed in intervals of 0.1. The Ps 
from each group are summed to yield the expected number of "bum"s.
The total number of tests less the expected number of "bum"s gives the 
expected number of "no bum"s. Comparing the number of observed and 
expected bum outcomes through the probability class groups allows 
interpretation of equation fit through the probability class range as 
well as overall goodness-of-fit analysis. A chi-square-like statistic 
with one degree of freedom can be calculated from
2 2 (obs. bums - exp. bums)  ̂ (obs. no bums - exp. no bums)
exp. bums exp. no bums
and can be used to test the logistic model fit at each probability 
class. The critical for these pairs is 2.71 at «L = 0.10. The
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overall fit can be tested with the sum of the X̂ s for all groups
resulting in a chi-square statistic with eight degrees of freedom. The 
2critical X for 8 degrees of freedom a t aL= 0.10 is 13 36; acceptable
models should fall below this value.
The P-value listed in results is the prob-value or probability
2significance related to the X just described. Models with P-values
greater than 0.10 are significant. They distributed the expected
probability of burning well with respect to the observed bum result.
The distribution of expected probabilities throughout the model and
class range was also essential to final model selection. Further
explanation of "best" model selection with examples from the equation
set follows in results.
2In summary, the R values calculated from the CATMOD procedure 
output were used to compare various predictive equations. 
Goodness-of-fit was tested by grouping the data based on the predicted 
probability of burning in 10 categories from 0.0 to 1.0 by 0.1 
probability intervals. A Chi-square statistic with 8 degrees of 
freedom could then be calculated for each model. Grouping and testing 
the data in this way also allowed examining poorly predicted regions.
Model selection was based on both the data fit and on the 
practicality of obtaining variables. Simple or straight forward models 
were preferred if the fit was statistically significant.
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4.0 RESULTS AND DISCUSSION.
4.1 General Observations.
The spread rate or fuel consumption rate was not measured in this 
study, however, some general observations of fire behavior in the fuel 
beds warrant mention. The laboratory peat beds bumed uniformly, once 
ignition was established, due to the fuel uniformity. Most beds, 
particularly those with conditions placing them near the combustion 
limit, began burning very slowly. In some, sustained combustion 
couldn't be verified for several hours. However, once the front 
reached a 2 cm depth, heat evolution became evident and the entire bed 
would bum to white ash within a relatively short time. White ash 
presence indicates complete organic combustion requiring temperatures 
around 600°C. Beds with high moisture contents tended to have a very 
thin charred layer on the bed surface, resting on the white ash 
interior. Fuel in the loosely packed beds sustaining ignition bumed 
out several hours faster than tightly packed beds. Their white ash 
condition indicated similar peak temperatures but the buming rate was 
apparently enhanced by the increased oxygen penetration in the loose 
beds.
Moisture and volatiles movement ahead of the combustion front was 
also quite noticeable, but difficult to measure. A sweat layer formed 
temporarily on nonporous surfaces underlying smoldering duff. This 
sweat zone could be observed in peat test burns enclosed in a glass 
cylinder. Moisture and volatiles moved away from the combustion zone 
at a rate similar to the smoldering spread rate. The moisture consists 
of water in the fuel bed and water evolved by combustion. Volatiles
57
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were vaporized from fuel heated near the combustion zone front, but 
condensed again further ahead of the front. In the field, litter fuels 
resting on a smoldering duff layer took on a lacquered appearance as 
volatile substances condensed, coating the cooler surfaces. Frandsen 
(199O) noted the heat output of smoldering peat averaged 11% of the 
heat content value, though the residue in the fuel bed was completely 
oxidized. Smoldering occurs at temperatures below flaming combustion, 
so volatile substances evolved in preheating fuel particles to ignition 
temperature and a liquid tar fraction formed in the pyrolysis process 
is vaporized but never oxidized.
Changes in the ash cap and clay soils were observed when samples were 
heated in a muffle furnace to 600°C. Round pores formed in the ash 
cap soil as gases, probably water vapor from bound water, were released 
on heating. The clay soil became more powdery or friable after such a 
heat treatment, with less evidence of peds. These changes could be 
expected at the mineral soil surface from heat produced by smoldering 
duff in contact with the interface.
The residue from high mineral content lab burn tests, with ash cap 
soils especially and clay soils to a much lesser extent, had a very low 
bulk density (appeared "fluffy"). Following buming, then cooling, the 
residue of bums with silica and clay settled readily to an ash depth 
of 1 cm to 2 cm. Moving the bum box resulted in a little further 
settling, then the residue remained stable. The residue from ash cap 
augmented bum tests was quite unique, settling very little and flowing 
fluid-like as the box was moved. Vigorous motion was required to 
settle the contents. The fluid nature of bum residue with ash cap
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soil could have important implications to buming in the field. Severe 
bums on Andept soils may increase soil erodibility to a greater extent 
than bums on other soil types.
4.2 Thermal Properties Influencing Bum Outcome.
The specific heat of a substance is the quantity of heat required to 
raise the temperature of one gram of the substance from l6°C to 
17°C. Baver et al. (1972) reported the specific heat of humus at 
0.44 cal/g°C, powdered quartz at 0.19 cal/g °C, and silty clay,
0.26 cal/g °C. By comparison, the specific heat of water is 
1 cal/g °C. To raise the temperature of one gram of water from room 
temperature of 20°C to the boiling point, then vaporize it, requires 
about 620 cal/g. As the amount of moisture in the fuel increases, the 
specific heat of the fuel bed greatly increases. Thus, more heat is 
required to raise the temperature of fuel adjacent to the smoldering 
front prior to ignition. The fuel bed specific heat will decrease with 
increased mineral.
Heat capacity is the amount of heat energy required to raise the 
temperature in one cubic centimeter of matter by one degree Celsius. 
Heat capacity is related to the substance density (specific heat times 
density). Organic soil is much less dense than mineral soil, but the 
specific heat is higher. Baver et al. (1972) sets the heat capacity of 
the mineral and the organic fractions in mineral soil at 0.46 
cal/(cm^)(°C) and 0.60 cal/(cm^)(°C) respectively. The heat 
capacity of the portion of the soil made up of water is 1.0 
cal/(cm^)(°C). The heat capacity of the fuel bed will increase as
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the density of the bed, the organic density, and/or the moisture 
fraction increases.
Water must be removed from the fuel before the can be heated to 
ignition temperature, requiring a tremendous amount of energy. Based 
on an organic bulk density of 110 kg/m , just raising the temperature 
of the moisture in one cubic meter of fuel from room temperature to the 
boiling point of water would require 88 kg/m  ̂X 1000 cal/(kg °C> X 
78 *̂C, or about 7x10^ cal more for peat at a 0.8 moisture ratio 
than for oven dry peat. Then much additional heat is required to 
vaporize the moisture before the fuel can be heated on to the ignition
temperature. Translating to the small 9 X 9 X 4 cm fuel bed, over
19.000 cal more are required to remove water from 0.8 moisture ratio 
peat than dry.
Thermal conductivity is the quantity of heat flowing through a one 
square centimeter cross section of soil in response to a thermal 
gradient of one degree Celsius per centimeter of soil. Thermal 
conductivity is comparable for dry peat, 0.20 X 10 , dry clay,
0 .1 7 X 10 3 (Baver et al. 1972), and dry ash cap 0.13 X 10 ^
cal/(cm sec °C) (Campbell et al. 1992). As the mineral fraction in
the fuel bed increases, or as the organic bulk density increases, the 
bed bulk density increases, enhancing the heat flow from one particle 
to the next due to decreased porosity and increased contact between 
particles. As soil moisture increases, thermal conductivity 
increases. Thermal conductivity differs considerably between wet peat 
and wet clay; O .85 X lo”  ̂and 3.50 X 10  ̂cal/(cm sec °C) at 
about 2/3 and total moisture saturation (Baver et al. 1972). Campbell
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et al. {1992) found moist ash cap thermal conductivity of 0.95 X 10  ̂
cal/(cm sec °C) at about 60 Ĉ. The increase in thermal 
conductivity is gradual for peat over an increasing moisture range.
The increase is quite dramatic for minerals, occurring most rapidly at 
the lower moisture levels due to water substitution for air in pore 
spaces and improved thermal contact between particles. The greatest 
increases in thermal conductivity occur at lower moisture contents once 
sufficient moisture is present to form films on the particles. Thermal 
conductivity also increases with temperature, until soil reaches air 
dryness, increasing most dramatically with temperature increase in 
moist soils, for example reaching 2.37 X 10  ̂cal/(cm sec °C) at 
90°C in ash cap (Campbell et al. 1992). However, the increased 
thermal conductivity with the presence of water may influence the 
increase in slope of the combustion limit boundary from that at the 
very dry, high mineral end of the test region.
The ratio of thermal conductivity to heat capacity defines thermal 
diffusivity. It is the heat flow rate through a soil, or the change in 
temperature in adjacent soil particles per second in response to a 
temperature gradient of one degree Celsius per cubic centimeter of 
soil. Generalizing, thermal diffusivity is higher for mineral soils 
than for organic soils, higher for moist soils than for dry soils, and 
increases with increasing bulk density. Additional moisture, mineral, 
or peat in the fuel bed should enhance the rate of heat flow, advancing 
smoldering combustion. Additional moisture, mineral, or peat will also 
increase the heat required to bring fuel ahead of the smoldering front 
to ignition. The combustion limit is reached when the amount of heat
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required to Increase the moisture and/or mineral temperature is so 
great that insufficient heat remains from the combustion process to 
propagate smoldering in the organic fraction.
One final property observed was the heat of wetting, a surface 
phenomenon occurring when water comes into contact with dry clay 
(Hillel 1980). Clay particles generally carry a net negative charge on 
the surface, attracting cations to the particle. Hydrating this 
particle creates an electrostatic double layer with the ions in the 
surrounding solution. Heat is released during this hydration. The 
heat of wetting may be around 22 cal/g (10 J/kg X 10 ) in dry clay
and 45 to 49 cal/g (20 J/kg X 10 in dry ash cap (Wada 1977)• Less 
heat is produced on wetting soil with increasing initial soil 
moisture. This effect was obvious during fuel bed preparation. When 
dry clay, or especially ash cap soil, was added to moist peat and 
mixed, the fuel mix became noticeably warmer. Undoubtedly, as moisture 
evolves during the combustion process, or pushes ahead of the advancing 
front, additional soil hydration causes an increase in fuel 
temperature. This temperature change is slight compared to the heat 
evolved due to combustion, but could produce up to about 3000 cal in a 
fuel bed with ash cap at a 2.0 mineral ratio.
4 .3  Moisture and Inorganic Effects in Three Soil Types.
In defining the limit of smoldering combustion, the inorganic ratio 
increased with decreasing moisture ratio as shown by a broad band of 
test bums in figure 5* A zone of bum outcome uncertainty includes 
both sustained smoldering (filled triangles) and unburned (hollow
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Figure S. Combined scatterplot: moisture ratio versus inorganic 
ratio for combustion limits b u m  outcome in all soils. "Bum" outcome 
is indicated by a filled triangle, and "no bum" by a hollow triangle. 
(475 tests)
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triangles) results. For example, at a moisture ratio of around 0.9 and 
only the peat inherent mineral (around 0.04 inorganic ratio) the fuel 
bed may or may not bum (conditions near the combustion limit 
boundary). At a moisture ratio of 0.2 the fuel bed may contain four 
and one half times the dry fuel weight in soil and still have a chance 
of buming. This area represents a combustion limit boundary. Above 
and ri^t of this zone the likelihood of sustained buming is 0%.
Below and left toward the origin, the likelihood of sustained buming 
is 100%.
Figures 6, 7. and 8 display the tests and their outcome in the 
individual soil types, silica, clay, and ash cap respectively. At high 
inorganic ratios, soil thermal properties may affect heat transfer from 
one fuel particle to the next. Overall, decreasing the moisture ratio 
increased the probability of sustained buming and decreasing inorganic 
ratio increased the probability of sustained burning. Imagine a line 
drawn through the combustion limits boundary. The slope is not uniform 
throughout the extent of the plots. The boundary appears to level off 
at the very high moisture and very high mineral tails of the plots with 
a more vertical slope through the central portion of the data. This 
may be partially explained based on differences in the thermal 
properties of peat, water, and mineral soil.
Adding a small amount of soil to fuel near the upper moisture limit, 
appeared to increase the chance of buming. Fuel bed conditions 
yielding a "no bum" result at high moistures with no added soil, 
burned when soil was added. This small amount of soil may be serving 
to reduce the effective moisture content by adsorbing some water from
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Figure 6 . Moisture ratio versus inorganic ratio for combustion limits 
b u m  outcome in fuel beds mixed with silica. (184 tests)
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the peat, or it may be acting as a catalyst. This effect was most
apparent in the ash cap series, and also was seen to a lesser extent in
the clay series. The combustion limit was reached with added soil in
the high moisture samples.
Cursory inspection of silica, clay, and ash cap augmented bum test 
plots show ash cap limits burning more than clay as the mineral ratio 
increased. However, burning was more likely at higher moisture ratios 
in fuel beds with ash cap soil. Silica and clay plots indicate little 
soil type influence on combustion limits except at the highest mineral 
ratios where clay addition is less limiting. Although moisture and 
mineral effect is obvious, soil type effect is subjective by inspection 
alone.
Initial logistic regression analysis included test data from all 
three soil types ; all data from phase 1. Subsequent analysis tested 
each soil individually, in pairs, and in combinations using soil type 
as a dummy variable. Phase 2 analysis included organic bulk density 
tests. Final analysis looked at two peat brands with different 
particle characteristics.
Table 3 summarizes logistic equation comparison information for
equations developed for phase 1 data throu^ the full moisture and
2inorganic ratio range tested. The calculated R can be used only to 
roughly compare between models. A high prob-value (Prob in the table) 
indicates a good model. The critical X for 8 degrees of freedom at 
«L= 0.10 is 13.36; acceptable models should fall below this value. 
Models with P-values greater than 0.10 are significant.
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Table 3* Logistic equation summary for the phase 1 bum series.
Soil(s) Variables SStot S^RES r2 Prob X^ P-value
All RM 657*173 654.615 .0039 .6316 3.94 .8629All RI 657*173 650.495 .0102 .0123 2.40 .9661All RM*RI 657*173 639*780 .0265 .0001 46.03 .0000All RM,RI 657*173 466.959 .2894 .4505 17.92 .0219All RM,RI,RM*RI 657*173 466.955 .2894 *4355 17.55 .0249Clay/ash RM,RI,SILICA 657*173 466.088 .2908 • 3627 16.84 .0306Silica/ash RM,RI,CLAY 657*173 462.272 .2966 .4077 13*26 .1032Silica/clay RM.RI.ASH 657.173 457.019 .3046 .3880 16.95 .0306Silica/clay RM.RI.ASH,
ASH*RM 657*173
441.246 .3286 .5977 35*08 .0000
Silica/ash RM.RI 465*610 343.310 .2627 .1346 12.25 .1404
Silica RM.RI.ASH 465*610 338.290 *2734 .1363 16.28 .0385
Silica/clay RM.RI 445*144 293.121 .3415 .6825 4 .9 9 .7591
Silica RM.RI,CLAY 445*144 291.992 .3442 .7143 6 .03 .6440
Clay/ash RM.RI 403*243 290.278 .2801 *6335 12.71 .1222
Clay RM.RI.ASH 403*243 270.959 .3281 .6758 35*01 .0000
Silica RM.RI 253*314 174.255 .3121 *3219 11.90 .1557
Clay RM.RI 191.280 114.616 .4008 .9220 6 .35 *6079
Ash RM.RI 211.940 147.666 *3033 .3831 12.01 .1508
RM and RI represent the moisture ratio (R») and the inorganic 
ratio (R_). SILICA, ASH. and CLAY are treated as dummy variables. 
ASH refers to ash cap soil.
P (the expected probability of burning) of useful models should cover 
the full range of probability classes within the 0.0 to 1.0 limits over
the explanatory variable range. The models including only Rj and
2 2 Rjj have significant (at eL = 0.10) X values but very low R s.
AP ranges only from 0.3 to 0.6 for each. These simple models were 
rejected as was the model of simple interaction between the two 
variables.
2 2In evaluating the models, a high R and a low X (below 13*36)
2are preferred. Improvement in the R does not necessarily lead to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
improvement in the overall fit as shown in the X̂ . For example,
adding interaction terms improved the R but greatly increased the 
2X in the first series of models developed using all data. The 
simpler models generally had the best fit throughout the expected 
probability class range. For illustration, the next two tables detail 
the analysis of model fit including all soils based on the variables RM 
and RI (a poor fit), and of the individual soil models. Table 4 
includes the tests for goodness-of-fit for all soils grouped, clay 
series, and silica series. Table 5 includes bum outcome analysis for 
the series containing ash cap.
2Recalling 2.71 is the critical X with one degree of freedom for
2the sum of the (observed - expected) /expected at each probability 
level in the tables, we can identify those regions with poor fit. 
Examine the "All soils" portion of Table 4. There is significant lack 
of fit in three regions. In the expected probability class 0 to 0.1, 
2.7 "bums" were expected, though none were observed. The poor fit is 
more obvious in the 0.6 to 0.7 class where only 4 "no bum" 
observations were made, but 9-9 were expected. Also in the 0.8 to 0.9 
class the disparity reverses, with 15 "no bum" observations but only
8.5 expected. Generally, those models displaying significant lack of 
fit, have problems in the region where the probability of burning is 
high and the number of "no burn" observations differs significantly 
from the number expected. There is significant lack of fit in the 
silica series in the classes 0.5 to 0.6 and 0.6 to 0.7. The logistic
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Table 4. Logistic regression analysis for all soils together, silica, 
and clay alone using R̂j and R_ as independent variables: observed
and expected outcome grouped By 0.1 expected probability classes.
a. All Soils
A Total "Bum II "No bum" _P Tests 0 E (0-E)̂ /E 0 E (0-E)̂ /EO-.l 50 0 2 .7 2.725 50 47 .3 0 .157.1-.2 70 8 10.8 0.726 62 59 .2 0 .132
.2-.3 50 13 12.4 0.027 37 37 .6 0 .009 0.3-.4 46 16 15 .7 0.004 30 30 .2 0.002 = 17.92
.4-.5 39 22 17 .3 1.267 17 21 .7 1.012 d.f. = 8.5“-6 44 27 24.0 0.372 17 20.0 0.447
.6-. 7 39 24 25 .6 0 .099 15 13.4 0 .189 P-value = .022.7-.8 39 35 29 .1 1.176 4 9 .9 3.478.8-.9 57 42 48.5 0.868 15 8 .5 4.945.9-1.0 41 38 .8 0 .015 3 2.2 0.267
S75 225 7.279 250 10.191
b. Silica series
A Total "Bum ft "No bum" _P Tests 0 E (0-E)̂ /E 0 E (0-E)̂ /E
O-.l 25 2 1.1 0 .670 23 23 .9 0.032
. 1- .2 29 4 4 .5 0 .654 25 24.5 0.012
.2-.3 20 5 5 .0 0.000 15 15 .0 0.000
.3-.4 17 6 5 .8 0.006 11 11.2 0.003 = 11.90
.4-.5 8 5 3 .5 0.622 3 4 .5 0.489 d.f. = 8
.5-. 6 23 8 12.6 1.668 15 10.4 2.014
.6-.7 9 9 5 .8 1.743 0 3 .2 3.184 P-value = .156
.7-.8 23 16 17.1 0 .076 7 5 .9 0.224
.8- .9 13 12 11.2 0.060 1 1.8 0.362
.9-1 .0 17 16 16.2 0.004 1 0.8 0.077
184 53 5.503 101 6.397
c. Clay series
Total "Bum I t "No burn" _
P Tests 0 E (0-E)̂ /E 0 E (0-E)‘/E
O-.l 25 0 1.1 1.057 25 23 .9 0.047.1-.2 18 3 2.8 0.019 15 15 .2 0 .003
.2-.3 10 3 2.6 0.049 7 7 .4 0.018 0
.3-.4 8 3 2 .7 0.030 5 5 .3 0 .015 x̂  = 6 .35
.4-.5 9 3 3 .9 0.211 6 5 .1 0.162 d.f. = 8
.5- .6 9 6 4 .9 0.226 3 4.1 0.275
.6-.7 9 6 5 .8 0 .788 1 3 .1 1.466 P-value = .608
.7- .8 12 7 9 .1 0.483 5 2 .9 1.022
.8- .9 11 10 9 .4 0.034 1 1.6 0.205
.9-1 .0 27 25 25 .0 0.013 2 1.4 0.229
135 ZS 2.910 70 3.442
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model fits the clay bum series quite well throughout the probability 
classes.
The analysis of variance table included in the CATMOD procedure 
displayed the probability significance (prob-value) of the independent 
variables used in the model. Significant independent variables should 
have prob-values less than 0.10 or they do not significantly improve 
the model. These prob-values were used to help determine whether or 
not specific independent variables should be included. In phase 1, 
bum outcome was not significantly different between those tests with 
silica as the added mineral and those with clay. To test this, all ash 
cap bum data were deleted and logistic regression analysis was run on 
the remaining silica and clay data using clay as a dummy variable; the 
beds contained clay or did not. The CLAY variable was not significant, 
with a prob-value of 0.2890. The fit of the combined silica and clay 
data was quite good throughout the probability classes and overall. In 
fact, combining these two series allowed a better fit than either
alone. Ash cap soil, was a significant variable. By combining clay
and silica bum data, then testing ash cap as a dummy variable, ash cap
presence was significant with a prob-value of 0.0021.
Interaction terms expressing the interaction between inorganic ratio 
and moisture ratio, and each ratio with bed bulk density were tested, 
but yielded little or no improvement to the predictive capability. 
Although the interaction terms appeared significant in some cases, 
analysis of the fit throughout the data set determined poorly predicted 
areas. Also, overall fit was poor compared to simpler models. For 
example, adding ash cap as a dummy variable, though significant, did
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not yield models with as good a fit as considering ash cap as a unique 
soil and modeling it on its own.
The data were split to one group containing bum tests with silica or 
clay soil and another containing only tests with ash cap soil. Once 
separated, logistic equations were developed for each group.
P = 1 / (1 + e -21-470 + (21.114)Rĵ + (4.5701)Ri 
for fuel beds including silica or clay soils
(1)
P = 1 / (1 + e -16-671 + (15.407)Rjj > (3.998l)Rj 
for fuel beds including ash cap soils
(2)
Where:
/VP = probability of burning
-= the moisture ratio
Rj = the inorganic ratio
Table 5 includes the goodness-of-fit tests for the two above 
equations. Note combining the data two sets produced a model (1) with 
better overall fit and better fit throughout the probability classes 
than was produced for either soil series separately (Table 4). The ash 
cap series fits the model (2) well throughout all but the highest 
probability class. Here, the difference between 3 "no bum" 
observations and the expected of 0.8 yields significant lack of fit.
Two "no bums" were at the very high end of the moisture ratio data in
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a region where the data on any of the series scatters, with bum 
outcome less well defined.
Table 5- Logistic equation analysis: observed and expected outcome
grouped by 0.1 expected probability classes.
a. Silica and Clay series.
Total "Bum" _ "No bum" _
P Tests 0 E (O-E)VE 0 E (0-E)̂ /E
O-.l 50 3 2.3 0.189 47 47 .7 0 .009. 1- .2 41 3 6.3 1.702 38 34.7 0 .307
.2-.3 35 11 8.5 0,741 24 26 .5 0 .237
.3-.4 30 11 10.7 0.007 19 19.3 0.004 = 4.99
.4-.5 18 9 8.1 0.089 9 9 .9 0 .074 d.f. = 8• 5“ *6 21 11 11.9 0.061 10 9 .1 0.080
.6-.? 28 19 17.9 0.070 9 10.1 0 .123 P-value = .759.7-.8 29 21 21.9 0.040 8 7 .1 0.126
.8-. 9 31 25 26.4 0.079 6 4.6 0 .456.9-1.0 39 36.9 0.032 1 2.1 0.560
322 151 3.010 171 1.976
b. Ash cap series
/\ Total "Bum" _ "No bum" _
P Tests 0 E (0-E)̂ /E 0 E (O-E)VE
O-.l 19 0 1.0 0.981 19 18.0 0 .053
.1-.2 20 3 3.0 0.000 17 17.0 0.000
.2-.3 17 5 4.4 0.083 12 12.6 0 .029
.3-.4 8 3 2.8 0.023 5 5-2 0.012 = 12.01
.4-.5 16 5 7.1 0.628 11 8 .9 0 .503 d.f. = 8
. 5” • 6 9 6 4.9 0.272 3 4.1 0.318
.6-. 7 17 14 11.0 0.836 3 6.0 1.522 P-value = .151
.7-.8 14 11 10.5 0.019 3 3 .5 0 .059
.8-.9 19 16 16.1 0.001 3 2 .9 0 .007
.9-1.0 14 11 13.2 0.372 3 0.8 6.291
153 3.216 79 8.794
Figure 9 shows the probability of burning for the grouped soil class, 
silica/clay, and for the ash cap class, at 0.2, 0.4, 0.6, and 0.8 
moisture ratios. At a high moisture ratios, the probability of burning
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Figure 9. Probability of sustained smoldering combustion in peat 
versus inorganic ratio by 0.2 moisture ratio intervals.
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is higher with ash cap than with silica/clay though at low moisture 
ratios the probability of burning is lower with ash cap. The ability 
of andept soils to absorb water may account for the higher burning 
probability at high moisture values. The decreased combustion limits 
of ash cap may be related to the lower thermal conductivity of this 
soil compared to other minerals.
Forest duff tends to have relatively low mineral contents, most at 
values equal or less than 1.0 inorganic ratio even in the humus {see 
Appendix IV). Peat mineral content in the Nordic countries of Europe 
of 20% to 40% (Rummukainen 1984) corresponds to inorganic ratios of 
0 .2 5 to 0 .6 7. Many tests incorrectly predicting bum outcome had high 
moisture content and low inorganic ratio. Further analysis was carried 
out on the data with inorganic ratios less than or equal to 1.0. The 
probability of burning in this case, depended primarily on the moisture 
content. Considering soil type or inorganic ratio as variables 
generally produced models either fitting the data poorly or not 
predicting through the full range of expected probability classes. The 
best model follows with an of 0.2913 and is detailed in Table 6.
? . 1 / (1 . e -15 373 * (17.0719)RM , (3,
for fuel beds at inorganic ratios 1.0
Comparing the number of observed "bum” and "no bum" results to the 
number of expected at each expected probability class shows very good 
prediction capability throughout the range of data collected. Data 
were not distributed to one class, 0.3 to 0.4, and are not evenly
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distributed throughout the other classes. The uppermost range of 
moisture was not tested densely. Improving the data base would 
probably improve the distribution throughout the expected probability 
classes. However, moisture ratio alone is an excellent predictor of 
bum outcome at the lower inorganic range normally encountered.
Table 6. Logistic equation analysis: observed and expected outcome
grouped by 0.1 expected probability classes for any soil type at 
inorganic ratio < 1.0.
Phase 1
/V
P
. all 1
Total
Tests
soils
0
Rj < 1.0
"Burn” .
E (0-E)̂ /E 0
"No bum" _ 
E (0-E)̂
O-.l 11 0 0.4 0.427 11 10.6 0.017. 1-. 2 5 0 0.5 0.504 5 4 .5 0 .056
.2-.3 5 1 1.3 0 .343 3 3 .7 0.124.3-.4 - — *•"* — — — — — —
.4-.5 15 8 6.9 0.171 7 8.1 0.146
.5”. 6 8 4 4.0 0.000 4 4.0 0.000
.6-. 7 1 1 0.7 0.139 0 0 .3 0 .310.7-.8 16 11 11.9 0.066 5 4.1 0.191
.8-. 9 7 6 5.7 0.014 1 1 .3 0.064.9-1.0 _I 6 6.5 0 .038 1 0 .5 0.482
75 38 1.702 37 1.390
= 3.09 
d.f. = 8
P-value = .929
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Thi^e logistic equations were found adequate for describing the 
probability of burning for cases with Inorganic ratios greater than 
1.0. This mineral level may be found In peat sites frequently 
subjected to flooding, and to duff In forested sites disturbed by 
harvesting or on steep slopes where overland flow or dry ravel are 
common.
P = 1 / (1 + e -26.865 + (25.363)Rj, + (5.79056)Rj ^
for slllca/clay at Inorganic ratios > 1.0 
= .405
P = 1 / (1 * e -17 802 * (16.1846)1̂  * <4.29777)Rj , (5,
for ash cap soils at Inorganic ratios > 1.0
r8 . .340
P . 1 / (I . e -19 247 ‘ (I8.004l)p„ . (4.30327)Rj , (g.
for any soil at Inorganic ratios > 1.0
= .327
Table 7 Includes the goodness-of-flt analysis of these models. All 
three fit the data reasonable well. Therefore, the model not requiring 
knowing mineral soil type Is the most practical to use, though It will 
tend to overpredict burning in ash cap soils. If the mineral soil type 
is known to be ash cap, the equation (5) developed for that condition 
Is recommended.
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Table 7* Logistic regression analysis for organic horizons or soils 
with inorganic ratios > 1.0: observed and expected outcome grouped by
0.1 expected probability classes.
a. Silica/clay > 1 .0
Total "Burn 2 "No bum"P Tests 0 E (0-E)̂ /E 0 E (0-E)̂ /E
0-. 1 50 2 2 .0 0.001 48 48.0 0 .000.1 - .2 40 5 6 .2 0.232 35 33 .8 0.043
.2-.3 21 8 5 .4 1.272 13 15 .6 0.439.3-.4 15 6 5 .2 0 .118 9 9 .8 0.063 = 7.51.4-.5 20 7 8 .7 0.347 13 11.3 0.269 d.f. = 8.5“*6 16 11 8.8 0.534 5 7 .2 0.657
.6-.7 16 9 10.7 0.267 7 5 .3 0.538 P-value = .483
• 7“ .8 20 13 14.9 0.235 7 5 .1 0.682
.8-.9 25 21 21.6 0.019 4 3 .4 0.125.9-1.0 42 42 40.4 0.064 0 1.6 1.603
255 124 3.089 l4l 4.419
b. Ash cap soils ]Rj > 1.0
Totaü. "Bum 1# "No bum" _
P Tests 0 E (0-E)̂ /E 0 E (0-E)̂ /E
O-.l 20 0 0 .9 0.895 20 19.1 0.042. 1“ .2 19 3 2 .7 0 .038 16 16 .3 0 .006
.2-.3 13 4 3 .1 0.263 9 9 .9 0 .182 P.3-.4 9 4 3 .1 0.289 5 5 .9 0.149 X = 10.65
.4-.5 12 2 5 .2 1.968 10 6.8 1.505 d.f. = 8
.5-.6 7 5 3 .8 0 .367 2 3 .2 0.440
.6-. 7 14 11 9 .0 0 .453 3 5 .0 0.812 P-value = .222
.7-.8 8 7 6.0 0.177 1 2.0 0.522
.8-.9 15 10 12.4 0.459 5 2.6 2.173
.9-1.0 18 16.9 0.000 1 1.1 0.008
135 4 .910 72 5.739
c. All soils Rl> 1.0
Total "BurnII "No burn" _
P Tests 0 E ( 0 -E)^ /E 0 E (O-E)VE
O-.l 6T.. 2 3 .9 0 .900 62 60.1 0 .058
. 1- .2 53 8 8 .7 0.061 45 44 .3 0.012
.2-.3 33 6 8.1 0.525 27 24.9 0 .169.3-.4 47 22 16 .6 1.775 25 30.4 0.967 = 9 .79
.4-.5 23 11 10.4 0.040 12 12.6 0.033 d.f. = 8
. 5- .6 33 19 18 .2 0.031 14 14.8 0.039
. 6- .7 24 13 15.4 0.364 11 8.6 0.647 P-value = .280
.7 - .8 35 28 26.2 0.130 7 8.8 0.385
.8-. 9 42 37 35 .9 0.033 5 6.1 0.193
.9-1 .0 46 41 43 .7 0 .170 5 2 .3 3 .260
5ÔÔ 187 4.029 213 5.763
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4 .4  Organic Bulk Density Effect.
Phase 2 tested the organic bulk density density effect on combustion
limits. Figures 10, 11, and 12 burn outcome scatterplots show the
combustion limit boundary dramatically shifts toward the origin
(reduced moisture and mineral contents) with increasing organic bulk
density. Logistic regression analysis applied to the phase 2 data
determined organic bulk density a significant independent variable.
Various interaction terms of moisture ratio, mineral ratio, and organic
bulk density were tested. Table 8 summarizes the results. Both the 
2 2R and X values were used to select the best model. Note one
model included only the variables RM*DENS and RI*DENS. Although it had 
2a low X , it did not distribute the data through all expected 
probability classes. In fact no distribution was made to the 0 to 0 .1, 
0 .8 to 0 .9, or 0 .9 to 1 .0 expected probability classes. All but two 
remaining models had significant lack of fit.
Table 8. Logistic equation summary for the phase 2 bum series.
Soil(s) Variables SSfOT S^RES r2 Prob
2X P--value
Silica RM RI 295.800 263.679 .1086 .0107 17.32* .0270
Silica RM RI DENS 295.800 229.5O6 .2241 .1524 8.67 .0371
Silica RM RI
RI*DENS+DENS 295.800 195.222 .3400 .7531 8.57 .3797
Silica RM*DENS RI*DENS 295.800 279.185 .0562 .0008 3.80! .0562
Silica RM*DENS RI*DENS
DENS 295.800 226.632 .2338 .1868 13.87 .0852
Silica RM,RI.RM*DENS 295.800 256.672 .1323 .0120 727.425 .0000
Silica RM,RI,RI*DENS 295.800 193.442 .3460 .7820 13.85 .0857
RM and RI represent the moisture ratio (R̂ )̂ and the inorganic ratio 
(R ). DENS is the organic matter bulk density.
! This model did not distribute the data through all probability classes
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Figure 10. Moisture ratio versus inorganic ratio for combustion^limits 
b u m  outcome in fuel beds with orgsuiic bulk densities of 74 kg/m .
(88 tests)
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Figure 11. Moisture ratio versus inorganic ratio for combustion |imits 
b u m  outcome in fuel beds with organic bulk densities of 110 kg/m .
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Figure 12. Moisture ratio versus inorganic ratio for combustion ^imits 
b u m  outcome in fuel beds with organic bulk densities of 170 kg/m .
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The best fitting equation included organic bulk density as an 
interaction term expressed by the dry fuel bed bulk density.
V  <*1 » 1) (7)
Where:
= the bed bulk density 
pQ = the organic bulk density 
Pq * Rj = the inorganic bulk density
Then:
P = 1 /(1 + e -19-329 + (17.047)Rjj + (i.7170)Rj + (23.059)?%,
Table 9 includes this equation's goodness-of-fit analysis.
Table 9 * Logistic equation analysis: observed and expected outcome
grouped by 0 .1 expected probability classes for organic bulk density 
tests.
Phase 2
A
P
, density 
Total
Tests 0
"Bum" - 
E (0-E)^/E 0
"No burn" _
E (0-E)^/E
O-.l 40 1 2 .1 0.548 39 37.9 0.030
.1 - .2 35 6 5 .2 0.109 29 29.8 0.019
.2 - .3 19 4 4 .9 0.180 15 14.1 0.063 9.3 - .4 17 10 6 .0 2.642 7 11.0 1.446 = 8.57.4 - .5 17 6 7 .6 0.338 11 9.4 0.274 d.f. = 8
.5“ *6 12 6 6 .5 0.044 6 5.5 0.053
.6 - .7 17 12 11.0 0.087 5 6.0 0.160 P-value = .380
.7 - .8 17 12 12.9 0.057 5 4.1 0.177
.8 - .9 21 16 17.8 0.184 5 3.2 1.030
.9-1.0 21 21 19.9 0.058 0 1.1 1.073
HE m 4.247 122 4.325
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Figure 13. Probability of sustained smoldering combustion in peat 
versus inorganic ratio at 0.2 and 0.8 moisture ratio levels.
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Figure 13 shows the probability of burning at three organic bulk 
densities of 170, 110, and kg/m^ at the moisture ratios of 0 .2 and 
0.8. Decreasing the bed density increases the probability of sustained 
smoldering, probably due to increased air flow within the bed. This 
effect is most pronounced at low moisture ratios. Peat particles swell 
with moisture intake, so dry fuel beds are more porous than moist fuel 
beds at the same organic bulk density. The combustion rate was not 
measured formally. Duration of burning ranged from 8 hours or more to 
under 2 hours. The combustion rate of the fuel volume dramatically 
increased with increased porosity, as observed in duration of burning. 
Frandsen (1991) observed no relationship between organic bulk density 
and bum rate where the bum rate is the organic mass divided by the 
bum duration. Moisture content and inorganic content did affect bum 
rate in his study. In this research, the relationship of bum rate to 
porosity may simply be illustrating Fransden's findings. High porosity 
fuel beds were low in moisture content and so would bum more rapidly, 
or were low bulk density and thus had less fuel mass to consume.
4 .5  Differences Due to Particle Characteristics.
The final comparison was made between the two bum series combining
■asilica and different peat brands at 110 kg/m^ organic bulk density.
Each brand had unique particle size distribution and particle shape. 
Refer back to figures 6 and 11 to compare bum outcome in the two 
brands. Green Thumb peat appears to burn at higher moisture and 
mineral contents throughout the variables' ranges than Sunshine peat. 
The purpose of this analysis was simply to determine if peat brand was
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a significant factor in determining the probability of burning. Peat 
brand, tested as a dummy variable, was significant with a prob-value of 
0.0001, indicating differences in the likelihood of burning due to some 
characteristic of the peat itself.
Further modeling of peat brands serves no purpose to this study. 
However, the fact there are other factors contributing to smoldering 
fire behavior is important to consider. The smoldering limit boundary 
region shifts toward a lower moisture and lower mineral level in the 
more humified peat. Chemical differences developing with decomposition 
or physical differences such as particle distribution to smaller size 
classes may explain the shift to smoldering supported only at lower 
moisture and mineral contents. In respect to the equations developed 
for peat, overprediction of sustainable combustion is expected in 
humified peats. Size class distribution on dry sieving or fibrous 
nature of particles may distinguish peat more humified than Green Thumb 
used to develop moisture and mineral relationships to combustion 
limits. Equation (8) will predict sustainable smoldering in the 
humified peats comparable to Sunshine.
The combustion limit boundary shift between peats has significance in 
relating the combustion limits in peat to the combustion limits in 
duff. Frandsen (1987) included a figure showing the similarity in 
slope of the combustion limits boundary, displayed as a regression 
line, in peat and in Douglas-fir litter and fermentation layer ground 
to a similar dimension as peat and packed to the same organic bulk 
density. The duff used for comparison was not highly humified or 
decomposed. Grinding needles breaks them into shorter pieces, but
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doesn’t duplicate the particle thickness of peat. Also, ground duff is 
lacking in the long fibrous component seen in Green Thumb peat and in 
forest humus.
The differences seen between Green Thumb peat and ground duff, and 
differences between peat brands suggest particle physical parameters 
such as shape may play a role smoldering propagation. Unpublished data 
on file at IPSL contain a collection of surface-area-to-volume ratios 
(a measure of particle size useful in predicting surface fire behavior) 
and particle densities of many plants. Both Douglas-fir needles and 
mosses had similar densities of O.56 and 0 .5% g/cc respectively.
Similar density and the fact both are plant matter (rather than 
mineral), indicates heat transfer should be similar within each type of 
particle. Surface-area-to-volume ratios, determined as a function of 
particle thickness, are 5 to 7 times greater (meaning finer particles) 
for mosses than Douglas-fir needles. Sunshine peat, with more very 
fine particles than Green Thumb peat reached combustion limits more 
readily. However, Green Thumb, much finer than Douglas-fir needles or 
most components of forest duff, sustained smoldering beyond the 
apparent limits in duff. Particle size itself may not be a factor. I 
suspect the long, fine fibers of Green Thumb translate to fewer 
instances of heat transfer across air spaces.
Bums conducted in a variety of forest cover types also indicated the 
combustion limit shifted toward lower moisture and lower inorganic 
ratios (see appendix IV). On the plot of bum data, the combustion 
limit region appears similar in slope to peat bums. Particle 
characteristics may be involved in the difference. Also, differences
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
In ignition temperatures (such as moss igniting at lower temperatures 
than needles (Mutch 1964)) may also play a role. The bulk density of 
humus ranged near or greater than the most dense peat level tested. 
Small sample size in duff bums prevents statistical comparison, but 
the combustion limit region may be explained by the equation (8) 
developed for Sunshine peat considering mineral, moisture, and fuel bed 
bulk density as contributing to sustained combustion likelihood.
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5 .0 SUMMARY AND CONCLUSIONS
The heat energy output of smoldering materials may be Independent of 
packing, moisture, and mineral content, but the likelihood an ignition 
will result in sustained smoldering combustion is sensitive to these 
parameters. Parameters important in the surface fire spread model 
(Rothermel 1972), moisture, mineral, bulk density, packing, particle 
size, heat content, and ignition temperature are also important to 
smoldering.
The probability that peat will bum once ignited can be estimated 
knowing moisture content, mineral content, and bulk density. As 
moisture content, mineral content, and/or bulk density increased, the 
likelihood of sustained smoldering combustion decreased. Adding 
moisture or mineral soil to a fuel bed increases the amount of material 
serving as a heat sink. Upon reaching the combustion limit, moisture 
and mineral in the bed absorb more heat produced by combustion, leaving 
insufficient heat energy remaining to preheat adjacent fuel particles. 
Increasing bulk density increases the proximity of fuel particles, 
potentially decreasing heat lost to the air space surrounding each 
particle, but increases the amount of fuel to preheat to ignition 
temperature and decreases the amount of oxygen available to sustain 
combustion.
Organic matter fuel beds mixed with ash cap soils burn somewhat 
differently than beds incorporating other soils. However, this may be 
more of a curiosity than of practical significance because the boundary 
region of uncertain outcome is broadened by the wide spatial 
variability in moisture and mineral content of fuels in natural
90
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settings. However, changes in the physical character of the remaining 
bum residue ash and the ash cap soil may make this soil type more 
prone to erosion following severe fire.
Sites with duff accumulations a few centimeters or more deep and 
sites with little disturbance may have duff with inorganic ratios less 
than 1.0. Peat, an organic soil, generally has an inorganic ratio less
than 1.0. Knowing the moisture ratio alone allows estimating the
likelihood of smoldering combustion in these types. The probability of 
sustained smoldering in organic matter with higher inorganic ratios can 
be estimated using either the logistic equations developed with the 
full range of data, knowing soil type, moisture ratio, and inorganic 
ratio, or with a logistic equation developed specifically for organic 
soils at higher inorganic ratios.
Increasing fuel bed bulk density decreases the likelihood of 
sustained smoldering. Compaction increases the amount of fuel to
preheat to combustion, increases the amount of mineral by volume and
decreases the bed porosity, decreasing air flow. Compact, humified 
peat smolders at similar moisture, mineral, and bulk density levels as 
conifer forest humus. Further research is indicated to test the role 
these parameters play in sustained duff smoldering.
Humification may have an effect on the smoldering combustion limits. 
As organic matter becomes more humified, the particles tend to break 
down to smaller pieces. Long fibers break to short strands. As the
particle size decreases, heat energy must pass from one particle to the
next across an air space more frequently. Chemical changes occurring
with decomposition may affect smoldering. At this time, the effect of
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humification and particle size have not been fully quantified, but 
smoldering combustion is more readily limited by moisture and mineral 
in the more humified of the peats tested.
Other physical or chemical properties may also affect the smoldering 
combustion limits. Smoldering in duff from conifer forests is more 
readily limited by moisture and mineral than sphagnum peat containing a 
high percentage of only partially broken fibers when only moisture and 
mineral content is considered. However, the addition of bulk density 
as an explanatory variable may more fully predict duff combustion.
Shallow fuel bed depth may be a limiting factor as observed both in 
field bums and laboratory tests. Smoldering proceeds well under 
insulated conditions such as those occurring in deep duff. Shallow 
beds may lose much heat to the air above and the mineral soil beneath. 
Our observations both in the lab and in the field and those of others 
(previously cited) from the field, indicate shallow duff may not 
sustain smoldering at moisture and mineral levels not hampering 
combustion in a deeper bed. The role of fuel bed depth in limiting 
combustion requires further study.
Another variable not addressed by this study is duration of ignition 
heating or consumption as related to continued heating from sources 
external to the duff. Correlations of duff consumption (previously 
reviewed) to amount of large woody fuel, amount of woody fuel 
reduction, and large fuel moisture content indicate the presence of 
long duration heating will cause duff consumption at conditions 
limiting fire ignited by short term heating. F\irther investigation of 
smoldering combustion as it relates to duration of ignition heat source
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would Improve knowledge of duff consumption in forested stands where 
prescribed burning or wildfire will cause long duration duff heating at 
the site of downed woody fuel.
Fuel bed variability in forested sites makes modeling duff combustion 
limits extremely complex. Broad guidelines of expected duff reduction 
have been developed for prescribed fire managers. However, ground fire 
behavior has not been thoroughly described. Fully understanding ground 
fire limiting factors, burning rates, heat evolution, etc. will improve 
prediction of resulting effects and fire prescription development.
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SILICA SERIES
Peat fractional inorganic content = .0360
Organic bulk density = 110 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio 1Result
1 0.0000 35.70 136.37 137.66 0.0000 4 .0 Yes2 0.0000 35.70 143.26 144.54 0.0000 4 .2 Yes
3 0.0000 35.70 150.12 151.40 0.0000 4.4 Yes
4 0.0000 35.70 157.02 158.31 0.0000 4 .6 Yes
5 0.0000 35.70 163.91 165.19 0.0000 4 .8 Yes
6 0.0000 35.70 170.79 172.07 0.0000 5.0 No
7 0.0000 35.70 177.67 178.96 0.0000 5.2 No
8 0.0000 35.70 174.23 175.52 0.0000 5.1 Yes
9 0.0000 35.70 167.35 168.63 0.0000 4.9 No10 0.0000 35.70 174.23 177.52 0.0000 5.1 No
11 0.1292 40.31 101.96 103.24 0.1340 3.0 Yes
12 0.1292 40.31 146.70 147.98 0.1340 4.3 Yes
13 0.1292 40.31 136.37 137.66 0.1340 4 .0 Yes
14 0.1292 40.31 153.58 154.87 0.1340 4.5 No
15 0.1292 40.31 170.79 172.07 0.1340 5.0 No
16 0.1292 40.31 163.91 165.19 0.1340 4 .8 No
17 0.8231 65.08 33.13 34.41 0.8537 1.0 Yes
18 0.8231 65.08 67.54 68.83 0.8537 2 .0 No
19 1.2136 79.03 0.00 1.29 1.2590 0.04 No
20 0.8900 67.47 0.00 1.29 0.9232 0.04 No
21 0.7000 60.69 0.00 1.29 0.7261 0.04 Yes
22 1.5670 91.64 0.00 1.29 1.6255 0.04 No
23 0.7063 60.91 67.54 68.83 0.7327 2 .0 No
24 0.7063 60.91 50.34 51.62 0.7327 1.5 Yes
25 1.2400 79.97 0.00 1.29 1.2860 0.04 No
26 0.7063 60.91 60.66 61.95 0.7327 1.8 No
27 0.7063 60.91 53.78 55.06 0.7327 1.6 Yes
28 0.6242 57.98 0.00 1.29 0.6475 0.04 Yes
29 0.6787 59.93 57.22 58.51 0.7040 1.7 Yes
30 0.7890 63.87 53.78 55.06 0.8185 1.6 No
31 0.7890 63.87 46.90 48.18 0.8185 1.4 Yes
32 0.7890 63.87 40.01 41.30 0.8185 1.2 No
33 0.7890 63.87 60.66 61.95 0.8185 1.8 No
34 0.5864 56.63 67.54 68.83 0.6083 2 .0 Yes
35 0.5864 56.63 101.96 103.24 0.6083 3.0 No
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SILICA SERIES
Peat fractional inorganic content = .0360
Organic bulk density = 110 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
36 0.5864 56.63 81.31 82.60 0.6083 2.4 No
37 0.5864 56.63 74.43 75.71 0.6083 2.2 No
38 0.5864 56.63 60.66 61.95 0.6083 1.8 Yes
39 0.3318 47.55 136.37 137.66 0.3442 4 .0 No
40 0.3318 47.55 101.96 103.24 0.3442 3.0 Yes
4l 0.3318 47.55 115.73 117.01 0.3442 3.4 No
42 0.3318 47.55 95.08 96.36 0.3442 2 .8 Yes
43 0.3318 47.55 108.84 110.13 0.3442 3.2 Yes
44 0.1814 42.18 136.37 137.66 0.1882 4 .0 Yes
45 0.1814 42.18 143.26 144.54 0.1882 4 .2 No
46 0.1814 42.18 129.49 130.78 0.1882 3.8 No
47 0.1814 42.18 122.61 123.89 0.1882 3.6 Yes
48 0.1814 42.18 150.12 151.40 0.1882 4.4 No
49 0.1814 42.18 136.37 137.66 0.1882 4 .0 Yes
50 0.7638 62.97 53.78 55.06 0.7923 1.6 Yes
51 0.7638 62.97 40.01 41.30 0.7923 1.2 Yes
52 0.6894 60.31 67.54 68.83 0.7151 2 .0 No
53 0.6894 60.31 60.66 61.95 0.7151 1.8 No
54 0.6894 60.31 53.78 55.06 0.7151 1.6 Yes
55 0.3356 47.68 108.84 110.13 0.3481 3.2 Yes
56 0.3356 47.68 115.73 117.01 0.3481 3.4 No
57 0.2426 44.36 122.61 123.89 0.2517 3.6 Yes
58 0.2426 44.36 115.73 117.01 0.2517 3.4 Yes
59 0.2426 44.36 129.49 130.78 0.2517 3.8 No
60 0.2426 44.36 136.37 137.67 0.2517 4 .0 No
61 0.1066 39.51 150.14 151.43 0.1106 4 .4 No
62 0.1066 39.51 150.14 151.43 0.1106 4.4 No
63 0.1066 39.51 150.14 151.43 0.1106 4.4 No
64 0.1066 39.51 143.26 144.54 0.1106 4 .2 No
65 0.1066 39.51 143.26 144.54 0.1106 4 .2 No
66 0.1066 39.51 143.26 144.54 0.1106 4 .2 No
67 0.1066 39.51 136.37 137.66 0.1106 4.0 Yes
68 0.1066 39.51 136.37 137.66 0.1106 4.0 No
69 0.1066 39.51 136.37 137.66 0.1106 4 .0 Yes
70 0.1066 39.51 129.49 130.78 0.1106 3.8 Yes
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SILICA SERIES
Peat fractional inorganic content = .O36O
Organic bulk density = 110 kg/m^
107
Burn
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
71 0.1066 39.51 129.49 130.78 0.1106 3.8 Yes72 0.1066 39.51 129.49 130.78 0.1106 3.8 No
73 0.1066 39.51 122.61 123.89 0.1106 3.6 Yes74 0.1066 39.51 122.61 123.89 0.1106 3.6 Yes
75 0.1066 39.51 122.61 123.89 0.1106 3.6 Yes
76 0.1066 39.51 115.73 117.01 0.1106 3.4 Yes
77 0.1066 39.51 115.73 117.01 0.1106 3.4 Yes78 0.1066 39.51 115.73 117.01 0.1106 3.4 Yes
79 0.0000 35.70 163.91 165.19 0.0000 4 .8 No80 0.0000 35.70 163.91 165.19 0.0000 4 .8 No
81 0.0000 35.70 163.91 165.19 0.0000 4 .8 Yes82 0.0000 35.70 157.02 158.31 0.0000 4 .6 Yes
83 0.0000 35.70 157.02 158.31 0.0000 4.6 Yes
84 0.0000 35.70 157.02 158.31 0.0000 4.6 Yes
85 0.0000 35.70 170.79 172.07 0.0000 5.0 No
86 0.0000 35.70 170.79 172.07 0.0000 5.0 Yes
87 0.0000 35.70 170.79 172.07 0.0000 5.0 No
88 0.0000 35.70 177.67 178.96 0.0000 5.2 No
89 0.0000 35.70 177.67 178.96 0.0000 5.2 No
90 0.0000 35.70 177.67 178.96 0.0000 5.2 No
91 0.5149 54.08 81.31 82.60 0.5341 2.4 No
92 0.5149 54.08 74.43 75.71 0.5341 2 .2 Yes
93 0.5149 54.08 67.54 68.83 0.5341 2.0 Yes
94 0.5149 54.08 88.19 89.48 0.5341 2.6 No
95 0.2798 45.69 115.73 117.01 0.2902 3.4 Yes
96 0.2798 45.69 122.61 123.89 0.2902 3.6 No
97 0.2798 45.69 108.84 110.13 0.2902 3.2 Yes
98 0.2798 45.69 129.49 130.78 0.2902 3.8 No
99 0.0471 37.38 163.91 165.19 0.0489 4 .8 No
100 0.0471 37.38 150.14 151.43 0.0489 4 .4 Yes
101 0.0471 37.38 157.02 158.31 0.0489 4 .6 No
102 0.0471 37.38 143.26 144.54 0.0489 4 .2 Yes
103 0.3771 49.16 108.84 110.13 0.3912 3.2 No
104 0.3771 49.16 108.84 110.13 0.3912 3.2 No
105 0.3771 49.16 108.84 110.13 0.3912 3.2 No
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SILICA SERIES
Peat fractional inorganic content = .O36O (bum IO6-132)
- = .0548 (bum 133-140) Organic bulk density = 1 1 0 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio 1Result
106 0.3771 49.16 95.08 96.36 0.3912 2 .8 No107 0.3771 49.16 95.08 96.36 0.3912 2 .8 No108 0.3771 49.16 95.08 96.36 0.3912 2 .8 No109 0.3771 49.16 88.19 89.48 0.3912 2 .6 Yes
110 0.3771 49.16 88.19 89.48 0.3912 2 .6 Yes
111 0.3771 49.16 88.19 89.48 0.3912 2 .6 No
112 0.3771 49.16 81.31 82.60 0.3912 2.4 Yes
113 0.3771 49.16 81.31 82.60 0.3912 2.4 Yes
114 0.3771 49.16 81.31 82.60 0.3912 2.4 Yes
115 1.0220 72.19 0.00 1.29 1.0810 0.04 No
116 0.4952 53.38 74.43 75.71 0.5137 2 .2 No
117 0.4952 53.38 67.54 68.83 0.5137 2 .0 Yes
118 0.4284 50.99 95.08 96.36 0.4444 2.8 No
119 0.4284 50.99 88.19 89.48 0.4444 2.6 No
120 0.4284 50.99 81.31 82.60 0.4444 2.4 Yes
121 0.6315 58.24 60.66 61.95 0.6551 1.8 No
122 0.6315 58.24 60.66 61.95 0.6551 1.8 No
123 0.6315 58.24 60.66 61.95 0.6551 1.8 No
124 0.6315 58.24 53.78 55.06 0.6551 1.6 Yes
125 0.6315 58.24 53.78 55.06 0.6551 1.6 Yes
126 0.6315 58.24 53.78 55.06 0.6551 1.6 No
127 0.6315 58.24 46.90 48.18 0.6551 1.4 Yes
128 0.6315 58.24 46.90 48.18 0.6551 1.4 Yes
129 0.6315 58.24 46.90 48.18 0.6551 1.4 Yes
130 0.6315 58.24 67.54 68.83 0.6551 2 .0 No
131 0.6315 58.24 67.54 68.83 0.6551 2 .0 No
132 0.6315 58.24 67.54 68.83 0.6551 2 .0 No
133 1.0465 74.51 0.00 2.00 1.1072 0.05 No
134 0.8664 67.96 0.00 2.00 0.9166 0.05 No
135 0.7619 64.15 25.54 27.53 0.8061 0 .8 Yes
136 0.7619 64.15 32.42 34.41 0.8061 1.0 No
137 0.7619 64.15 39.30 41.30 0.8061 1.2 No
138 0.7619 64.15 46.19 48.18 0.8061 1.4 No
139 0.7619 64.15 18.65 20.65 0.8061 0 .6 Yes
140 0.8525 67.45 0.00 2.00 0.9019 0.05 Yes
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SILICA SERIES
Peat fractional inorganic content = .0548 (bum l4l-l42)
. = .0392 (bum 143-175) Organic bulk density = 110 kg/m^
B u m  Moisture Fuel Wet Soil Total Moisture Inorganic# Content Weight Weight Inorganic Ratio Ratio Resu:
I4l 0.8525 67.45 4.89 6.88 0.9019 0.2 No
142 0.8525 67.45 11.77 13.77 0.9019 0.4 Yes
143 0.4590 52.26 74.31 75.71 0.4777 2.2 Yes
144 0.4590 52.26 81.19 82.60 0.4777 2.4 No
145 0.4590 52.26 67.43 68.83 0.4777 2.0 Yes
146 0.4590 52.26 94.96 96.36 0.4777 2.8 No
147 0.4590 52.26 60.54 61.95 0.4777 1.8 Yes
148 0.4590 52.26 88.07 89.48 0.4777 2.6 No
149 0.2157 43.55 150.02 151.43 0.2245 4.4 No
150 0.2157 43.55 143.14 144.54 0.2245 4.2 No
151 0.2157 43.55 136.26 137.66 0.2245 4 .0 No
152 0.2157 43.55 129.37 130.78 0.2245 3.8 No
153 0.2157 43.55 115.61 117.01 0.2245 3.4 No
154 0.2157 43.55 122.49 123.99 0.2245 3.6 No
155 0.2157 43.55 94.96 96.36 0.2245 2.8 Yes
156 0.2157 43.55 108.72 110.13 0.2245 3.2 Yes
157 0.2157 43.55 101.84 103.24 0.2245 3.0 Yes
158 0.5499 55.52 94.96 96.36 0.5724 2.8 No
159 0.5499 55.52 81.19 82.60 0.5724 2.4 No
160 0.5499 55.52 88.07 89.48 0.5724 2.6 No
161 0.5499 55.52 74.31 75.71 0.5724 2.2 No
162 0.5499 55.52 60.54 61.95 0.5724 1.8 No
163 0.5499 55.52 67.43 68.83 0.5724 2.0 No
164 0.5499 55.52 53.66 55.06 0.5724 1.6 Yes
165 0.5499 55.52 46.78 48.18 0.5724 1.4 Yes
166 0.7986 64.43 0.00 1.40 0.8312 0.04 Yes
167 0.7986 64.43 5.48 6.88 0.8312 0.2 No
168 0.7986 64.43 12.36 13.77 0.8312 0.4 Yes
169 0.7986 64.43 19.24 20.65 0.8312 0.6 Yes
170 0.7986 64.43 26.13 27.53 0.8312 0.8 No
171 0.7986 64.43 33.01 34.41 0.8312 1.0 No
172 0.7366 62.21 60.54 61.95 0.7667 1.8 No
173 0.8640 66.77 12.36 13.77 0.8993 0.4 No
174 0.8640 66.77 19.24 20.65 0.8993 0.6 No
175 0.7336 62.21 46.78 48.18 0.7667 1.4 No
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SILICA SERIES
Peat fractional inorganic content = -0392 (bum I76-I78)
- = .0478 (bum 179-184)
Organic bulk density = 110 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio 1Result
176 0.7336 62.21 39.89 41.30 0.7667 1.2 No
177 0.7336 62.21 33.01 34.41 0.7667 1.0 No178 0.7336 62.21 26.13 27.53 0.7667 0 .8 Yes
179 0.8064 65.28 5.15 6.88 0.8469 0 .2 Yes
180 0.8064 65.28 12.04 13.77 0.8469 0 .4 Yes
181 0.8064 65.28 18.92 20.65 0.8469 0 .6 Yes
182 0.8064 65.28 25.80 27.53 0.8469 0 .8 Yes
183 0.8064 65.28 32.68 34.41 0.8469 1.0 No
184 0.8064 65.28 39.57 41.30 0.8469 1.2 No
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ASH CAP SERIES
Peat fractional inorganic content = .0548
Organic bulk density = 110 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
1 0.0000 36.41 152.87 154.87 0.0000 4.5 Yes2 0.0000 36.41 156.31 158.31 0.0000 4.6 Yes
3 0.0000 36.41 170.08 172.07 0.0000 5.0 No
4 0.0000 36.41 163.20 165.19 0.0000 4 .8 No
5 0.0000 36.41 149.43 151.43 0.0000 4.4 Yes
6 0.0000 36.41 176.96 178.96 0.0000 5.2 No
7 0.0000 36.41 170.08 172.07 0.0000 5.0 No
8 0.0000 36.41 163.20 165.19 0.0000 4 .8 No
9 0.0000 36.41 156.31 158.31 0.0000 4 ,6 No
10 0.0000 36.41 149.43 151.43 0.0000 4.4 No
11 0.0000 36.41 142.55 144.54 0.0000 4.2 No
12 0.0000 36.41 142.55 144.54 0.0000 4.2 Yes
13 0.0000 36.41 176.96 178.96 0.0000 5.2 No
14 0.0000 36.41 176.96 178.96 0.0000 5.2 No
15 0.0000 36.41 170.08 172.07 0.0000 5.0 No
16 0.0000 36.41 163.20 165.19 0.0000 4.8 No
17 0.0000 36.41 156.31 158.31 0.0000 4.6 Yes
18 0.0000 36.41 149.43 151.43 0.0000 4.4 Yes
19 0.0000 36.41 142.55 144.54 0.0000 4.2 Yes
20 0.0000 36.41 135.66 137.66 0.0000 4.0 Yes
21 0.0000 36.41 135.66 137.66 0.0000 4 .0 Yes
22 0.0000 36.41 135.66 137.66 0.0000 4 .0 Yes
23 0.0000 36.41 128.78 130.78 0.0000 3.8 Yes
24 0.0000 36.41 128.78 130.78 0.0000 3.8 Yes
25 0.0000 36.41 128.78 130.78 0.0000 3.8 Yes
26 1.0465 74.51 0.00 2.00 1.1072 0.05 No
27 0.8664 67.96 0.00 2.00 0.9166 0.05 No
28 0.7168 62.51 66.83 68.83 0.7583 2.0 No
29 0.7168 62.51 59.95 61.95 0.7583 1.8 No
30 0.7168 62.51 53.07 55.06 0.7583 1.6 Yes
31 0.7168 62.51 46.19 48.18 0.7583 1.4 Yes
32 0.7168 62.51 39.30 41.30 0.7583 1.2 Yes
33 0.7168 62.51 33.41 34.41 0.7583 1.0 Yes
34 0.9914 72.51 11.77 13.77 1.0459 0.4 No
35 0.9914 72.51 4.89 6.88 1.0459 0.2 No
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ASH CAP SERIES
Peat fractional inorganic content = .0548
Organic bulk density = 110 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
36 0.9914 72.51 0.00 2.00 1.0459 0.05 No
37 0.2963 47.20 101.25 103.24 0.3135 3.0 No
38 0.2963 47.20 94.37 96.36 0.3135 2.8 Yes
39 0.2963 47.20 108.13 110.13 0.3135 3.2 No
40 0.2963 47.20 87.48 89.48 0.3135 2 .6 No
41 0.2963 47.20 115.02 117.01 0.3135 3.4 No
42 0.2963 47.20 80.60 82.60 0.3135 2.4 Yes
43 0.2963 47.20 73.72 75.71 0.3135 2 .2 Yes
44 0.2963 47.20 66.83 68.83 0.3135 2 .0 Yes
45 0.2963 47.20 87.48 89.48 0.3135 2 .6 No
46 0.1119 40.48 142.55 144.54 0.1184 4.2 No
47 0.1119 40.48 135.66 137.66 0.1184 4 .0 No
48 0.1119 40.48 128.78 130.78 0.1184 3.8 No
49 0.1119 40.48 121.80 123.89 0.1184 3.6 Yes
50 0.1119 40.48 115.02 117.01 0.1184 3.4 Yes
51 0.1119 40.48 108.13 110.13 0.1184 3.2 Yes
52 0.5555 56.64 80.60 82.60 0.5877 2.4 No
53 0.5555 56.64 73.72 75.71 0.5877 2.2 No
54 0.5555 56.64 66.83 68.83 0.5877 2 .0 No
55 0.5555 56.64 59.95 61.95 0.5877 1.8 Yes
56 0.5555 56.64 53.07 55.06 0.5877 1.6 Yes
57 0.5555 56.64 46.19 48.18 0.5877 1.4 Yes
58 0.1978 43.60 101.25 103.24 0.2090 3.0 No
59 0.1978 43.60 108.13 110.13 0.2090 3.2 No
60 0.1978 43.60 115.02 117.01 0.2090 3.4 No
61 0.1978 43.60 94.37 96.36 0.2090 2 .8 Yes
62 0.1978 43.60 87.48 89.48 0.2090 2.6 Yes
63 0.1978 43.60 80.60 82.60 0.2090 2.4 Yes
64 0.2538 45.65 80.60 82.60 0.2685 2.4 No
65 0.2538 45.65 87.48 89.48 0.2685 2.6 Yes
66 0.2538 45.65 94.37 96.36 0.2685 2.8 No
67 0.2538 45.65 66.83 68.83 0.2685 2 .0 Yes
68 0.2538 45.65 73.72 75.71 0.2685 2.2 Yes
69 0.2538 45.65 101.25 103.24 0.2685 3.0 Yes
70 0.2592 45.85 108.13 110.13 0.2742 3.2 No
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ASH CAP SERIES
Peat fractional inorganic content *
Organic bulk density =110 kg/m^
.0548 (bum 71-72)
• 0392 (bum 73-96 and IO5) 
.0385 (bum 97-104)
B u m
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
71 0.2592 45.85 115.02 117.01 0.2742 3.4 No72 0.2592 45.85 121.90 123.89 0.2742 3.6 No
73 0.4071 50.36 101.87 103.24 0.4234 3.0 No74 0.4071 50.36 94.98 96.36 0.4234 2 .8 No
75 0.4071 50.36 88.10 89.48 0.4234 2 .6 No
76 0.4071 50.36 81.22 82.60 0.4234 2.4 Yes
77 0.4071 50.36 67.45 68.83 0.4234 2 .0 Yes
78 0.4071 50.36 74.34 75.71 0.4234 2 .2 Yes
79 0.6993 60.82 39.92 41.30 0.7272 1.2 Yes
80 0.6993 60.82 46.80 48.18 0.7272 1.4 Yes
81 0.6993 60.82 53.69 55.06 0.7272 1.6 No
82 0.6993 60.82 74.34 75.71 0.7272 2 .2 No
83 0.6993 60.82 60.57 61.95 0.7272 1.8 No
84 0.6993 60.82 67.45 68.83 0.7272 2 .0 No
85 0.5181 54.33 53.69 55.06 0.5388 1.6 Yes
86 0.5181 54.33 67.45 68.83 0.5388 2 .0 Yes
87 0.5181 54.33 60.57 61.95 0.5388 1.8 Yes
88 0.5181 54.33 74.34 75.71 0.5388 2.2 No
89 0.5181 54.33 88.10 89.48 0.5388 2 .6 No
90 0.5181 54.33 81.22 82.60 0.5388 2.4 No
91 0.4788 52.93 88.10 89.48 0.4979 2 .6 No
92 0.4788 52.93 81.22 82.60 0.4979 2.4 Yes
93 0.4788 52.93 94.98 96.36 0.4979 2 .8 No
94 0.4788 52.93 101.87 103.24 0.4979 3.0 No
95 0.4788 52.93 74.34 75.71 0.4979 2 .2 Yes
96 0.4788 52.93 67.45 68.83 0.4979 2 .0 Yes
97 0.0489 37.57 150.02 151.43 0.0509 4.4 No
98 0.0489 37.57 156.90 158.31 0.0509 4 .6 No
99 0.0489 37.57 143.14 144.54 0.0509 4 .2 Yes
100 0.0489 37.57 129.37 130.78 0.0509 3.8 Yes
101 0.0489 37.57 163.79 165.19 0.0509 4 .8 No
102 0.0489 37.57 136.26 137.66 0.0509 4 .0 No
103 0.0489 37.57 122.49 123.89 0.0509 3.6 Yes
104 0.0489 37.57 115.61 117.01 0.0509 3.4 Yes
105 0.3621 48.75 81.22 82.60 0.3767 2.4 No
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ASH CAP SERIES
Peat fractional inorganic content = .O385 (bum IO6-II9)
, = .0392 (bum 120-140)Organic bulk density = 110 kg/m^
B u m
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
106 0.3621 48.75 74.34 75.71 0.3767 2 .2 Yes107 0.3621 48.75 88.10 89.48 0.3767 2 .6 Yes
108 0.3621 48.75 101.87 103.24 0.3767 3.0 No
109 0.3621 48.75 94.98 96.36 0.3767 2 .8 No
110 0.1557 41.36 136.28 137.66 0.1619 4 .0 No
111 0.1557 41.36 129.40 130.78 0.1619 3.8 No
112 0.1557 41.36 122.52 123.89 0.1619 3.6 No
113 0.1557 41.36 115.63 117.01 0.1619 3.4 No
114 0.1557 41.36 143.17 144.54 0.1619 4 .2 No
115 0.1557 41.36 150.05 151.43 0.1619 4 .4 No
116 0.1557 41.36 115.63 117.01 0.1619 3.4 No
117 0.1557 41.36 108.75 110.13 0.1619 3.2 Yes118 0.1557 41.36 101.87 103.24 O.I6I9 3.0 Yes
119 0.1557 41.36 94.98 96.36 0.1619 2 .8 Yes
120 0.3384 47.94 101.84 103.24 0.3522 3-0 No
121 0.3384 47.94 94.96 96.36 0.3522 2 .8 No
122 0.3384 47.94 108.72 110.13 0.3522 3.2 No
123 0.3384 47.94 74.31 75.71 0.3522 2 .2 Yes
124 0.3384 47.94 88.07 89.48 0.3522 2 .6 No
125 0.3384 47.94 81.19 82.60 0.3522 2.4 Yes
126 0.4341 51.37 101.84 103.24 0.4518 3.0 No
127 0.4341 51.37 94.96 96.36 0.4518 2 .8 No
128 0.4341 51.37 88.07 89.48 0.4518 2 .6 No
129 0.4341 51.37 74.31 75.71 0.4518 2 .2 Yes
130 0.4341 51.37 81.19 82.60 0.4518 2.4 No
131 0.6354 58.58 53.66 55.06 0.6613 1.6 Yes
132 0.4341 51.37 67.43 68.83 0.4518 2 .0 Yes
133 0.6354 58.58 60.54 61.95 0.6613 1.8 No
134 0.6354 58.58 67.43 68.68 0.6613 2 .0 No
135 0.6354 58.58 46.78 48.18 0.6613 1.4 Yes
136 0.5895 56.94 53.66 55.06 0.6136 1.6 Yes
137 0.5895 56.94 67.43 68.83 0.6136 2 .0 Yes
138 0.5895 56.94 60.54 61.95 0.6136 1.8 Yes
139 0.5895 56.94 74.31 75.71 0.6136 2 .2 No
140 0.7986 64.43 33.01 34.41 0.8312 1 .0 Yes
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ASH CAP SERIES
Peat fractional inorganic content = .0392
Organic bulk density = 110 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
l4l 0.7986 64.43 19.24 20.65 0.8312 0.6 Yes
142 0.7986 64.43 26.13 27.53 0.8312 0 .8 Yes
143 0.7986 64.43 39.89 41.30 0.8312 1.2 Yes
144 0.7986 64.43 46.78 48.18 0.8312 1.4 No
145 0.8640 66.77 0.00 1.40 0.8993 0.04 No
146 0.8640 66.77 5.48 6.88 0.8993 0.2 Yes
147 0.8640 66.77 12.36 13.77 0.8993 0.4 Yes
148 0.8640 66.77 19.24 20.65 0.8993 0.6 Yes
149 0.8640 66.77 26.13 27.53 0.8993 0.8 Yes
150 0.8640 66.77 33.01 34.41 0.8993 1.0 No
151 0.8832 67.45 5.48 6.88 0.9192 0.2 Yes
152 0.8832 67.45 12.36 13.77 0.9192 0.4 Yes
153 0.8832 67.45 19.24 20.65 0.9192 0.6 Yes
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Peat fractional inorganic content = .O36O (bum 1-25)
- = .0548 (bum 26-35)Organic bulk density = 110 kg/m^
116
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
1 0.1808 42.15 122.60 123.89 0.1876 3.6 No
2 0.3145 46.93 101.96 103.24 0.3262 3.0 Yes
3 0.0000 35.70 157.02 158.31 0.0000 4.6 Yes
4 0-0000 35.70 163.91 165.19 0.0000 4 .8 Yes
5 0.0000 35.70 157.02 158.31 0.0000 4 .6 Yes
6 0.0000 35.70 170.79 172.07 0.0000 5.0 No
7 0.0000 35.70 157.02 158.31 0.0000 4.6 No
8 0.0000 35.70 163.91 165.19 0.0000 4.8 Yes
9 0.0000 35.70 170.79 172.07 0.0000 5*0 No
10 0.0000 35.70 136.37 137.66 0.0000 4.0 Yes
11 0.0000 35.70 143.26 144.54 0.0000 4.2 Yes
12 0.0000 35.70 150.14 151.43 0.0000 4.4 Yes
13 0.0000 35.70 163.91 165.19 0.0000 4.8 No
14 0.0000 35.70 170.79 172.07 0.0000 5.0 No
15 0.0000 35.70 136.37 137.66 0.0000 4 .0 Yes
16 0.0000 35.70 177.67 178.96 0.0000 5.2 No
17 0.7887 63.86 12.48 13.77 0.8182 0.4 Yes
18 0.7887 63.86 19.36 20.65 0.8182 0 .6 Yes
19 0.7887 63.86 26.25 27.53 0.8182 0 .8 Yes
20 0.7887 63.86 33.16 34.41 0.8182 1.0 Yes
21 0.7887 63.86 40.01 41.30 0.8182 1.2 Yes
22 0.2943 46.21 115.73 117.01 0.3053 3.4 No
23 0.2943 46.21 108.84 110.13 0.3053 3.2 Yes
24 0.2943 46.21 95.08 96.36 0.3053 2.8 Yes
25 0.2943 46.21 122.61 123.89 0.3053 3.6 No
26 1.0465 74.51 0.00 2.00 1.1072 0.05 No
27 0.8664 67.96 0.00 2.00 0.9166 0.05 No
28 0.7619 64.15 46.19 48.18 0.8061 1.4 Yes
29 0.7619 64.15 53.07 55.06 0.8061 1.6 No
30 0.7619 64.15 59.95 61.95 0.8061 1.8 No
31 0.7619 64.15 66.83 68.63 0.8061 2.0 No
32 0.8525 67.45 0.00 2.00 0.9019 0.05 No
33 0.8525 67.45 4.89 6.88 0.9019 0.2 Yes
34 0.8525 67.45 0.00 2.00 0.9019 0.05 Yes
35 0.8525 67.45 4.89 6.88 0.9019 0.2 Yes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CLAY SERIES
Peat fractional inorganic content = .0548
Organic bulk density = 110 kg/m^
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Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
36 0.8525 67.45 11.77 13.77 0.9019 0.4 No
37 0.9911 72.50 4.89 6.88 1.0486 0 .2 No
38 0.7224 62.71 59.95 61.95 0.7643 1.8 No
39 0.7224 62.71 53.07 55.06 0.7643 1.6 No
40 0.7224 62.71 46.19 48.18 0.7643 1.4 No
41 0.7224 62.71 39.30 41.30 0.7643 1.2 Yes
42 0.7224 62.71 32.42 34.41 0.7643 1.0 Yes
43 0.7224 62.71 25.54 27.53 0.7643 0 .8 Yes
44 0.6329 59.45 80.60 82.60 0.6695 2 .4 No
45 0.6329 59.45 73.72 75.71 0.6695 2 .2 No
46 0.6329 59.45 66.83 68.83 0.6695 2 .0 No
47 0.6329 59.45 59.95 61.95 0.6695 1.8 Yes
48 0.6329 59.45 53.07 55.06 0.6695 1.6 Yes
49 0.6329 59.25 46.19 48.18 0.6695 1.4 Yes
50 0.3449 48-97 80.60 82.60 0.3649 2.4 Yes
51 0.3449 48.97 87.48 89.48 0.3649 2 .6 Yes
52 0.3449 48.97 94.37 96.36 0.3649 2.8 Yes
53 0.3449 48.97 101.25 103.24 0.3649 3.0 Yes
54 0.3449 48.97 108.13 110.13 0.3649 3.2 No
55 0.3449 48.97 115.02 117.01 0.3649 3.4 No
56 0.2625 45.97 108.13 110.13 0.2777 3.2 No
57 0.2625 45.97 115.02 117.01 0.2777 3.4 No
58 0.2625 45.97 121.90 123.89 0.2777 3.6 No
59 0.2625 45.97 101.25 103.24 0.2777 3.0 Yes
60 0.2625 45.97 94.37 96.36 0.2777 2 .8 Yes
61 0.2625 45.97 87.48 89.48 0.2777 2 .6 Yes
62 0.1978 43.60 101.25 103.24 0.2090 3.0 Yes
63 0.1978 43.60 108.13 110.13 0.2090 3.2 Yes
64 0.1978 43.60 115.02 117.01 0.2090 3.4 Yes
65 0.1978 43.60 121.90 123.89 0.2090 3.6 Yes
66 0.1978 43.60 128.78 130.78 0.2090 3.8 No
67 0,1978 43.60 135.66 137.66 0.2090 4 .0 No
68 0.1053 40.24 135.66 137.66 0.1114 4 .0 Yes
69 0.1053 40.24 149.43 151.43 0.1114 4.4 No
70 0.1053 40.24 163.20 165.19 0.1114 4 .8 No
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CLAY SERIES
Peat fractional inorganic content =
Organic bulk density = 110 kg/m^
.0548 (bum 71-82)
.0385 (bum 83-97 and 104-105) 
.0392 (bum 98-103)
B u m
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
71 0.1053 40.24 142.55 144.54 0.1114 4.2 No
72 0.1053 40.24 128.78 130.78 0.1114 3.8 Yes
73 0.1053 40.24 156.31 158.31 0.1114 4 .6 No
74 0.1053 40.24 121.90 123.89 0.1114 3.6 Yes
75 0.4957 54.46 101.25 103.24 0.5244 3.0 No
76 0.4957 54.46 94.37 96.36 0.5244 2 .8 No
77 0.4957 54.46 87.48 89.48 0.5244 2 .6 No
78 0.4957 54.46 80.60 82.60 0.5244 2.4 No
79 0.4957 54.46 73.72 75.71 0.5244 2.2 No
80 0.4957 54.46 66.83 68.83 0.5244 2 .0 Yes
81 0.4957 54.46 59.95 61.95 0.5244 1.8 Yes
82 0.4957 54.46 53.07 55.06 0.5244 1.6 Yes
83 0.4071 50.36 74.34 75.71 0.4234 2.2 Yes
84 0.4071 50,36 81.22 82.60 0.4234 2.4 Yes
85 0.4071 50.36 67.45 68.83 0.4234 2 .0 Yes
86 0.4071 50.36 101.87 103.24 0.4234 3.0 Yes
87 0.4071 50.36 88.10 89.48 0.4234 2 .6 Yes
88 0.4071 50.36 94.98 96.36 0.4234 2 .8 Yes
89 0.4071 50.36 115.63 117.01 0.4234 3.4 No
90 0.4071 50.36 122.52 123.89 0.4234 3.6 No
91 0.4071 50.36 108.75 110.13 0.4234 3.2 No
92 0.6993 60.82 74.34 75.71 0.7272 2 .2 No
93 0.6993 60.82 60.57 61.95 0.7272 1.8 Yes
94 0.6993 60.82 67.45 68.83 0.7272 2 .0 No
95 0.6993 60.82 81.22 82.60 0.7272 2.4 No
96 0.6993 60.82 46.80 48.18 0.7272 1.4 Yes
97 0.6993 60.82 53.69 55.06 0.7272 1.6 Yes
98 0.0489 37.57 136.26 137.66 0.0509 4 .0 Yes
99 0.0489 37.57 143.14 144.54 0.0509 4 .2 No
100 0.0489 37.57 150.02 151.43 0.0509 4.4 No
101 0.0489 37.57 156.90 158.31 0.0509 4 .6 No
102 0.0489 37.57 129.37 130.78 0.0509 3.8 Yes
103 0.0489 37.57 122.49 123.89 0.0509 3.6 Yes
104 0.1557 41.36 129.40 130.78 O.I619 3.8 Yes
105 0.1557 41.36 136.28 137.66 0.1619 4.0 No
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CLAY SERIES
Peat fractional inorganic content
Organic bulk density = 110 kg/m^
.0385 (bum 106) 
.0392 (bum 107-129) 
.0478 (bum 13O-138)
B u m
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
106 0.1557 41.36 122.52 123.89 0.1619 3.6 Yes107 0.4602 52.30 88.07 89.48 0.4790 2.6 No108 0.4602 52.30 101.84 103.24 0.4790 3.0 No109 0.4602 52.30 94.96 96.36 0.4790 2.8 No
110 0.4602 52.30 74.31 75.71 0.4790 2.2 Yes
111 0.4602 52.30 67.43 68.83 0.4790 2 .0 Yes
112 0.4602 52.30 81.19 82.60 0.4790 2.4 Yes
113 0.5352 54.99 81.19 82.60 0.5571 2.4 No
114 0.5352 54.99 74.31 75.71 0.5571 2.2 Yes
115 0.5352 54.99 67.43 68.83 0.5571 2 .0 Yes
116 0.5352 54.99 94.96 96,36 0.5571 2.8 No
117 0.5352 54.99 60.54 61.95 0.5571 1.8 Yes
118 0.5352 54.99 88.07 89.48 0.5571 2.6 No
119 0.5895 56.94 74.31 75.71 0.6136 2.2 No
120 0.5895 56.94 81.19 82.60 0.6136 2.4 No
121 0.5895 56.94 88.07 89.48 0.6136 2 .6 No
122 0.5895 56.94 67.43 68.83 0.6136 2 .0 No123 0.5895 56.94 60.54 61.95 0.6136 1.8 Yes
124 0.5895 56.94 53 66 55 06 0.6136 1.6 Yes
125 0.9225 68.86 5.48 6.88 0.9602 0.2 No
126 0.9225 68.86 12.36 13.77 0.9602 0.4 Yes
127 0.9225 68.86 19.24 20.65 0.9602 0 .6 No
128 0.9225 68.86 26.13 27.53 0.9602 0 .8 Yes
129 0.9225 68.86 0.00 1.40 0.9602 0.04 No
130 0.9810 71.59 5.15 6.88 1.0287 0.2 No
131 0.9810 71.59 12.04 13.77 1.0287 0 .4 No
132 0.9810 71.59 18.92 20.65 1.0287 0 .6 No
133 0.9810 71.59 25.80 27.53 1.0287 0 .8 No
134 0.9810 71.59 39.57 41.30 1.0287 1.2 No
135 0.9810 71.59 32.69 34.41 1.0287 1.0 No
136 0.8064 65.28 39.57 41.30 0.8469 1.2 No
137 0.8064 65.28 32.68 34.41 0.8469 1.0 No
138 0.8064 65.28 25.80 27.53 0.8469 0 .8 Yes
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Peat fractional inorganic content = .0840
Organic bulk density = 74 kg/m^
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Bum Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
1 0.3920 34.94 44.35 46.30 0.4249 2 .0 Yes
2 0.3920 34.94 35.09 37.04 0.4249 1.6 Yes
3 0.3920 34.94 39.72 41.67 0.4249 1.8 Yes
4 0.3920 34.94 48.98 50.93 0.4249 2.2 Yes
5 0.3920 34.94 53.61 55.56 0.4249 2.4 Yes
6 0.3920 34.94 58.24 60.19 0.4249 2.6 Yes
7 0.3920 34.94 62.87 64.82 0.4249 2.8 Yes
8 0.3920 34.94 67.50 69.45 0.4249 3.0 Yes
9 0.3920 34.94 72.13 74.08 0.4249 3.2 No
10 0.3920 34.94 81.39 83.34 0.4249 3.6 No
11 0.3920 34.94 86.02 87.97 0.4249 3.8 No
12 0.3920 34.94 76.76 78.71 0.4249 3.4 No
13 0.1865 29.78 81.39 83.34 0.2022 3.6 Yes
14 0.1865 29.78 86.02 87.97 0.2022 3.8 Yes
15 0.1865 29.78 90.65 92.60 0.2022 4.0 Yes
16 0.1886 29.83 95.28 97.23 0.2043 4.2 No
17 0.1886 29.83 104.54 106.49 0.2043 4.6 No
18 0.1886 29.83 99.91 101.86 0.2043 4.4 Yes
19 0.1886 29.83 95.28 97.23 0.2043 4.2 No
20 0.1886 29.83 99.91 101.86 0.2043 4.4 Yes
21 0.1886 29.83 109.17 111.12 0.2043 4 .8 No
22 0.1886 29.83 113.80 115.75 0.2043 5.0 No
23 0.3157 33.02 81.39 83.34 0.3422 3.6 No
24 0.3157 33.02 72.13 74.08 0.3422 3.2 Yes
25 0.3157 33.02 76.76 78.71 0.3422 3.4 Yes
26 0.3157 33.02 86.02 87.97 0.3422 3.8 Yes
27 0.3157 33.02 67.50 69.45 0.3422 3.0 Yes
28 0.3157 33.02 90.65 92.60 0.3422 4.0 Yes
29 0.1886 29.83 104.54 106.49 0.2043 4.6 No
30 0.3157 33.02 95.28 97.23 0.3422 4.2 No
31 0.3157 33.02 99.91 101.86 0.3422 4.4 No
32 0.3157 33.02 104.54 106.49 0.3422 4.6 No
33 0.3157 33.02 81.39 83.34 0.3422 3.6 No
34 0.3157 33.02 90.65 92.60 0.3422 4 .0 No
35 0 .1886 29.83 99.91 101.86 0.2043 4.4 No
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LOW DENSITY SERIES
Peat fractional inorganic content = .0840
Organic bulk density = 74 kg/m^
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Bum
#
Moisture
Content
Fuel Wet 
Weifidit
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio IResult
36 0.5571 39.08 44.35 46.30 0.6039 2 .0 Yes
37 0.5571 39.08 53.61 55.56 0.6039 2 .4 Yes
38 0.5571 39.08 48.98 50.93 0.6039 2 .2 Yes
39 0.5571 39.08 62.87 64.82 0.6039 2 .8 Yes
40 0.5571 39.08 58.24 60.19 0.6039 2 .6 No
41 0.5571 39.08 67.50 69.45 0.6039 3.0 No
42 0.5571 39.08 81.39 83.34 0.6039 3.6 No
43 0.5571 39.08 76.76 78.71 0.6039 3.4 No
44 0.5571 39.08 72.13 74.08 0.6039 3.2 No
45 0.5571 39.08 62.87 64.82 0.6039 2 .8 No
46 0.5571 39.08 58.24 60.19 0.6039 2 .6 No
47 0.7311 43.45 44.35 46.30 0.7925 2 .0 No
48 0.7311 43.45 39.72 41.67 0.7925 1.8 Yes
49 0.7311 43.45 48.98 50.93 0.7925 2 .2 No
50 0.7311 43.45 35.09 37.04 0.7925 1 .6 Yes
51 0.7311 43.45 30.46 32.41 0.7925 1.4 Yes
52 0.7311 43.45 53.61 55.56 0.7925 2.4 No
53 0.4687 36.86 62.87 64.82 0.5080 2 .8 No
54 0.4687 36.86 58.24 60.19 O.508O 2 .6 Yes
55 0.4687 36.86 53.61 55.56 O.508O 2.4 Yes
56 0.4687 36.86 67.50 69.45 0.5080 3.0 No
57 0.4687 36.86 48.98 50.93 0.5080 2 .2 Yes
58 0.4687 36.86 72.13 74.08 0.5080 3.2 No
59 0.8257 45.83 25.83 27.78 0.8950 1.2 No
60 0.8257 45.83 16.57 18.52 0.8950 0 .8 No
61 0.8257 45.83 21.20 23.15 0.8950 1 .0 No
62 0.8257 45.83 7.31 9.26 0.8950 0.4 No
63 0.8257 45.83 2.68 4.63 0.8950 0 .2 No
64 0.8257 45.83 11.94 13.89 0.8950 0 .6 Yes
65 0.8257 45.83 7.31 9.26 0.8950 0 .4 No
66 0.8257 45.83 11.94 13.89 0.8950 0 .6 Yes
67 0.8257 45.83 2.68 4.63 0.8950 0 .2 No
68 0.0999 27.61 109.17 111.12 0.1083 4 .8 No
69 0.0999 27.61 99.91 101.86 0.1083 4 .4 Yes
70 0.0999 27.61 104.54 106.49 0.1083 4 .6 No
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LOW DENSITY SERIES
Peat fractional inorganic content = .0840
Organic bulk density = 74 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio IResult
71 0.0999 27.61 113.80 115.75 0.1083 5.0 Yes
72 0.0999 27.61 95.28 97.23 O.IO83 4 .2 Yes
73 0.0999 27.61 90.65 92.60 0.1083 4 .0 Yes
74 0.0999 27.61 127.69 129.64 0.1083 5.6 No
75 0.0999 27.61 123.06 125.01 0.1083 5.4 No
76 0.0999 27.61 118.43 120.38 0.1083 5.2 No
77 0.6432 41.24 48.98 50.93 0.6972 2 .2 Yes
78 0.6432 41.24 39.72 41.67 0.6972 1.8 Yes
79 0.6432 41.24 44.35 46.30 0.6972 2 .0 Yes
80 0.6432 41.24 53.61 55.56 0.6972 2.4 No
81 0.6432 41.24 62.87 64.82 0.6972 2 .8 No
82 0.6432 41.24 58.24 60.19 0.6972 2 .6 No
83 0.9480 48.89 2.68 4.63 1.0276 0 .2 No
84 0.9480 48.89 11.94 13.89 1.0276 0 .6 No
85 0.9480 48.89 7.31 9.26 1.0276 0.4 No
86 1.0800 52.21 0.00 1.95 1.1707 0.08 No
87 1.0800 52.21 2.68 4.63 1.1707 0 .2 No
88 1.0800 52.21 7.31 9.26 1.1707 0 .4 No
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Peat fractional inorganic content = .0840
Organic bulk density = 110 kg/m^
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Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio Resit 11
1 0.4107 52.63 86.34 89.48 0.4452 2.6 No
2 0.4107 52.63 72.58 75.71 0.4452 2.2 No
3 0.4107 52.63 79.46 82.60 0.4452 2.4 No
4 0.4107 52.63 51.93 55.06 0.4452 1.6 Yes
5 0.4107 52.63 58.81 61.95 0.4452 1.8 No
6 0.4107 52.63 65.70 68.83 0.4452 2.0 No
7 0.4107 52.63 58.81 61.95 0.4452 1.8 No8 0.4107 52.63 45.05 48.18 0.4452 1.4 Yes
9 0.4107 52.63 51.93 55.06 0.4452 1.6 Yes
10 0.5778 58.86 58.81 61.95 0.6263 1.8 No
11 0.5778 58.86 65.70 68.83 0.6263 2 .0 No
12 0.5778 58.86 51.93 55.06 0.6263 1.6 No
13 0.5778 58.86 31.28 34.41 0.6263 1.0 Yes
14 0.5778 58.86 45.05 48.18 0.6263 1.4 Yes
15 0.5778 58.86 38.16 41.30 0.6263 1.2 Yes
16 0.2058 44.98 93.23 96.36 0.2231 2 .8 Yes
17 0.2058 44.98 106.99 110.13 0.2231 3.2 No
18 0.2058 44.98 100.11 103.24 0.2231 3.0 No
19 0.2058 44.98 113.88 117.01 0.2231 3.4 No
20 0.2058 44.98 79.46 82.60 0.2231 2.4 Yes
21 0.2058 44.98 86.34 89.48 0.2231 2 .6 Yes
22 0.7218 64.23 24.40 27.53 0.7824 0 .8 No
23 0.7218 64.23 31.28 34.41 0.7824 1.0 Yes
24 0.7218 64.23 17.52 20.65 0.7824 0 .6 Yes
25 0.7218 64.23 10.63 13.77 0.7824 0.4 Yes
26 0.7218 64.23 38.16 41.30 0.7824 1.2 No
27 0.7218 64.23 45.05 48.18 0.7824 1.4 No
28 0.7218 64.23 24.40 27.53 0.7824 0 .8 No
29 0.7218 64.23 31.28 34.41 0.7824 1.0 No
30 0.7218 64.23 51.93 55.06 0.7824 1.6 No
31 0.1035 41.17 134.53 137.66 0.1120 4.0 No
32 0.1035 41.17 120.76 123.89 0.1120 3.6 No
33 0.1035 41.17 127.64 130.78 0.1120 3.8 No
34 0.1035 41.17 113.88 117.01 0.1120 3.4 No
35 0.1035 41.17 100.11 103.24 0.1120 3.0 Yes
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Peat fractional inorganic content = .0840 
Organic bulk density = 110 kg/m^
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Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
36 0.1035 41.17 106.99 110.13 0.1120 3.2 No
37 0.1035 41.17 79.46 82.60 0.1120 2.4 Yes
38 0.1035 41.17 93.23 96.36 0.1120 2.8 Yes
39 0.1035 41.17 86.34 89.48 0.1120 2.6 Yes
40 0.8228 68.00 12.43 13.77 0.8919 0.4 No
41 0.8228 68.00 5.75 6.88 0.8919 0 .2 No
42 0.8228 68.00 0.00 3.13 0.8919 0.08 Yes
43 0.3157 49.08 106.99 110.13 0.3422 3.2 No
44 0.3157 49.08 93.23 96.36 0.3422 2.8 No
45 0.3157 49.08 100.11 103.24 0.3422 3.0 No
46 0.3157 49.08 86.34 89.48 0.3422 2 .6 No
47 0.3157 49.08 79.46 85.60 0.3422 2.4 Yes
48 0.3157 49,08 72.58 75.71 0.3422 2.2 Yes
49 0.4687 54.79 65.70 68.82 0.5080 2.0 No
50 0.4687 54.79 51.93 55.06 0.5080 1.6 No
51 0.4687 54.79 58.81 61.95 0.5080 1.8 No
52 0.4687 54.79 31.28 34.41 0.5080 1.0 Yes
53 0.4687 54.79 38.16 41.30 0.5080 1.2 Yes
54 0.4687 54.79 45.05 48.18 0.5080 1.4 Yes
55 0.6432 61.30 31.28 34.41 0.6972 1.0 Yes
56 0.6432 61.30 38.16 41.30 0.6972 1.2 Yes
57 0.6432 61.30 45.05 48.18 0.6972 1.4 No
58 0.6432 61.30 24.40 27.53 0.6972 0 .8 Yes
59 0.6432 61.30 58.81 61.95 0.6972 1.8 No
60 0.6432 61.30 51.93 55.06 0.6972 1.6 No
61 0.9480 72.67 5.75 6.88 1.0276 0.2 Yes
62 0.9480 72.67 12.43 13.77 1.0276 0.4 Yes
63 0.9480 72.67 0.00 3.13 1.0276 0.08 No
64 0.0000 37.31 113.88 117.01 0.0000 3.4 Yes
65 0.0000 37.31 127.64 130.78 0.0000 3.8 Yes
66 0.0000 37.31 120.76 123.89 0.0000 3.6 Yes
67 0.0000 37.31 134.53 137.66 0.0000 4 .0 Yes
68 0.0000 37.31 153.55 156.88 0.0000 4 .6 No
69 0.0000 37.31 l4l.4l 144.54 0.0000 4.2 Yes
70 0.0000 37.31 148.29 151.43 0.0000 4.4 Yes
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NORMAL DENSITY SERIES
Peat fractional inorganic content = .0840 
Organic bulk density = 110 kg/m̂
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic
Ratio Result
71 0.0000 37.31 162,06 165.19 0.0000 4 .8 No
72 0.9000 70.88 17.52 20.65 0.9756 0 .6 No
73 1.0800 77.60 0.00 3.13 1.1707 0.08 No
74 1.0800 77.60 5.75 6.88 1.1707 0 .2 No
75 1.0800 77.60 12.43 13.77 1.1707 0.4 No
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Peat fractional inorganic content 
Organic bulk density = 170 kg/m^ .0840
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio ]Result
1 0.7311 99.81 0.00 4.47 0.7925 0.08 No2 0.7311 99.81 6.17 10.64 0.7925 0.2 Yes
3 0.7311 99.81 16.81 21.27 0.7925 0.4 Yes
4 0.7311 99.81 27.44 31.91 0.7925 0.6 Yes
5 0.7311 99.81 38.08 42.55 0.7925 0.8 No
6 0.7311 99.81 48.72 53.19 0.7925 1.0 No
7 0.1920 68.73 80.63 85.10 0.2081 1.6 Yes
8 0.1920 68.73 91.27 95.74 0.2081 1.8 Yes
9 0.1920 68.73 101.91 106.37 0.2081 2 .0 Yes
10 0.1920 68.73 123.19 127.65 0.2081 2.4 No
11 0.1920 68.73 133.82 138.28 0.2081 2 .6 No
12 0.1920 68.73 112.54 117.01 0.2081 2 .2 No
13 0.0000 53.19 133.82 138.25 0.0000 2 .6 Yes
14 0.0000 53.19 155.09 159.56 0.0000 3.0 No
15 0.0000 53.19 144.45 148.92 0.0000 2 .8 Yes
16 0.6354 94.29 27.44 31.91 0.6888 0 .6 Yes
17 0.6354 94.29 41.66 46.12 0.6888 0 .8 Yes
18 0.6354 94.29 48.71 53.19 0.6888 1.0 No
19 0.6354 94.29 16.81 21.27 0.6888 0.4 Yes
20 0.6354 94.29 59.36 63.82 0.6888 1.2 No
21 0.0894 62.81 133.82 138.28 0.0969 2 .6 No
22 0.0894 62.81 112.54 117.01 0.0969 2 .2 No
23 0.0894 62.81 123.18 127.65 0.0969 2.4 Yes
24 0.0894 62.81 144.45 148.92 0.0969 2 .8 No
25 0.0894 62.81 101.91 106.37 0.0969 2 .0 Yes
26 0.0894 62.81 91.27 95.74 0.0969 1.8 Yes
27 0.2844 74.05 80.63 85.10 0.3083 1.6 Yes
28 0.2844 74.05 91.27 95.74 0.3083 1.8 No
29 0.2844 74.05 69.99 74.46 0.3083 1.4 Yes
30 0.2844 74.05 101.91 106.37 0.3083 2 .0 No
31 0.2844 74.05 112.54 117.01 0.3083 2.2 No
32 0.4581 84.07 59.36 63.82 0.4966 1.2 Yes
33 0.4581 84.07 48.72 53.19 0.4966 1.0 Yes
34 0.4581 84.07 69.99 74.46 0.4966 1.4 No
35 0.4581 84.07 80.63 85.10 0.4966 1.6 No
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HIGH DENSITY SERIES
Peat fractional inorganic content = .0840
Organic bulk density = I70 kg/m^
Bum
#
Moisture
Content
Fuel Wet 
Weight
Soil
Weight
Total
Inorganic
Moisture
Ratio
Inorganic 
Ratio 1Result
36 0.0000 53.19 165.73 170.20 0.0000 3.2 No
37 0.3684 78.89 80.63 85.10 0.3993 1.6 Yes
38 0.3684 78.89 69.99 74.46 0.3993 1.4 Yes
39 0.3684 78.89 91.27 95.74 0.3993 1.8 No
40 0.3684 78.89 101.91 106.37 0.3993 2.0 No
4l 0.3684 78.89 59.36 63.82 0.3993 1.2 Yes
42 0.5430 88.96 48.72 53.19 0.5886 1.0 Yes
43 0.5430 88.96 59.36 63.82 0.5886 1.2 No
44 0.5430 88.96 69.99 74.46 0.5886 1.4 No
45 0.5430 88.96 80.63 85.10 0.5886 1.6 No
46 0.5430 88.96 38.08 42.55 0.5886 0 .8 Yes
47 0.9000 109.54 0.00 4.47 0.9756 0.08 No
48 0.9000 109.54 16.81 21.27 0.9756 0.4 No
49 0.9000 109.54 6.17 10.64 0.9756 0 .2 No
50 0.8244 105.18 16.81 21.27 0.8936 0.4 No
51 0.8244 105.18 6.17 10.64 0.8936 0.2 Yes
52 0.8244 105.18 0.00 4.47 0.8936 0.08 No
53 0.8244 105.18 27.44 31.91 0.8936 0 .6 No
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Comparison of Two Thermogravimetric Techniques for Moisture 
Content Determination in Soils
Roberta A. Hartford
Abstract
Two thermogravimetric methods for moisture content determination, 
oven drying and CompuTrac^™ moisture analyzer, were compared for four 
soils ranging from highly organic to highly inorganic through a 
moisture content range from air dry to greater than 1.2 on a fractional 
dry weight basis. The moisture analyzer routinely overestimated 
moisture content as compared to the oven dry technique, varying with 
soil type. Moisture contents determined by the two techniques were 
significantly different but well correlated. Linear regression 
analysis yielded a correction value of .89 with the coefficient of 
determination ranging from .995 to .999* Multiplying the CompuTrac 
derived moisture contents by the correction value gave the equivalent 
oven dry moisture content.
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Introduction
Soil moisture influences not only edaphic characteristics but also 
soil mechanical properties. Moisture content determinations are 
necessary for assessing soil condition for seed germination and plant 
growth and for judging soil stability in engineering. Initial soil 
moisture content is one determining factor in the effects fire will 
have on the soil and soil organisms. Most soil physical and chemical 
analyses require test result expression on a soil dry weight basis, 
requiring knowing the initial moisture content.
The standard oven drying techniques generally require a 16 to 48 hour 
drying period in a convective drying oven. Sackett (1980) described an 
automated instrument, the CompuTracMoisture Analyzer. This 
instrument determines moisture contents of granular samples in 5 to 90 
minutes. The oven drying and CompuTrac techniques are compared through 
the moisture content range expected in field or laboratory situations.
The use of trade or firm names in this paper is for reader information and does 
not imply endorsement.
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Methods
Sample collection and preparation
Soil types were chosen to represent those soils most difficult to 
assesses for moisture content due to their high organic contents or 
high clay content; soils holding moisture against a high tension. A 
sphagnum moss peat (Green Thumb̂ ™) represented the most highly 
organic soil. A histic horizon collected from the lower Roller Coaster 
Road, West of Missoula, Montana, represented a soil with both high clay 
and relatively high organic contents, and year-round high moisture 
content. A soil with a high illitic clay content was collected from 
the 0 horizon of silt and clay varves west of Missoula. An ash cap 
soil composed of allophane or amorphous clay was collected at Hollaman 
Saddle, southeast of Missoula.
Moisture content levels were chosen to range from air dry to near 
field capacity. Soils were conditioned to several moisture levels 
within this range. Soils were brought to similar, but not matching, 
moisture levels due to the difficulty in reaching exact preset 
conditions. Low moisture content conditions for all soils were 
obtained by air drying the samples to constant weight. All moisture 
levels for the histic horizon soil below its high field moisture 
content were reached by air drying. The peat, clay, and ash cap soils 
were at low moisture contents (<0.10 on a fractional dry wei^t basis 
(dwb)) when collected. The higher moisture levels in these soils were 
obtained by adding deionized water then allowing the sample to 
equilibrate, with occasional mixing, until the moisture was uniformly 
distributed.
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Moisture analysis techniques
The oven dry technique involved placing a weighed soil subsample in a 
prewei^ied container. The sample was dried in a gravity convection 
oven at 103°C to 105°C for 24 hours, then the sample dry weight 
obtained. Gravimetric moisture content is calculated as a fraction of 
the dry weight by
MC = (W - D) / D
Where MC = fractional moisture content on a dry weight basis 
W = sample wet wei^t 
D = sample dry wei^t.
The CompuTrac technique followed the description in the User's Manual 
(undated) and by Sackett (198O). Briefly, a soil sample is sprinkled 
on a sample pan until an adequate sample weight (7 to 12 grams for our 
model) is reached as shown by an indicator light and an audible beep. 
The oven door is closed and the instrument heats the sample in brief 
pulses. The sample is repeatedly heated and weighed for 5 to 90 
minutes depending on the moisture content. When weight loss slows to a 
rate equal to that programmed into the microprocessor as an end point, 
the instrument calculates the fractional moisture content on a dry 
weight basis, beeps, and reports the moisture content on a digital 
display. To insure accuracy, a minimum two minutes is required between 
consecutive tests to allow the unit to cool to room temperature.
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Elg^t subsamples were tested at eight peat moisture levels. Eight 
subsamples each of the other three soils were tested at five moisture 
levels. For each test, a subsample was drawn; a portion placed in a 
crucible for oven drying, and a portion loaded to the CompuTrac sample 
pan. All soils within one soil type and moisture level were oven dried 
at one time. Subsample sets of the same soil type at one moisture 
level were run consecutively on the CompuTrac.
Statistical analysis and scatterplots were completed using SAS (SAS 
Institute Inc.,1985) routines.
Results and Discussion
Table 1 includes the original data. Eight subsamples, tested as 
pairs, are reported in blocks to aid in comparison.
T-tests (Table 2) run on each soil at each moisture level indicated a 
significant difference between techniques at £ .05 level of 
significance in all soils at all moisture levels except two peat 
levels, 05 and 30.
Figures 1 through 5 include scatterplots of CompuTrac moisture 
content vs oven dry moisture content generated for each soil type and 
all soils lumped. The relationship between the moisture content 
determined by the two techniques appears linear, but more scatter 
appears as the moisture content increases. This was confirmed by the 
increase in standard deviation with increasing moisture content seen in 
each soil (refer to Table 2).
The source of the increasing scatter at the higher moisture contents 
could be explained as variability in the samples due to taking small
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soil samples with moisture content in excess of the field capacity.
When the moisture content exceeds the field capacity, some water drains 
from the sample. A subsample taken from the upper portion of the 
sample could be considerably drier than one taken from the bottom, 
though care was taken to mix samples prior to subsampling. This could 
also account for variability seen in sampling wet soils in the field.
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Table 1. Fractional moisture content of four soils at several moisture 
levels: results from two moisture analysis techniques. Determinations
were run one soil/level at a time. These are not paired tests.
Ash cap
soil/level oven dry CompuTrac soil/level
ash 02 .0230 .032 ash 07
cap .0236 .033 cap
.0238 .033
.0251 .033
.0233 .033
.0243 .036.0228 .035
.0225 .034
ash 20 .2409 .263 ash 40
cap .2475 .270 cap
.2335 .275
.2387 .273
.2522 .275
.2401 .272
.2472 .270
.2433 .267
ash 60 .5959 .646
cap .6051 .670
.6110 .666
.6077 .662
.6089 .670
.6000 .641
.6169 .647
.5881 .671
oven dry CompuTrac
.0659 .079
.0641 .079
.0713 .077
.0669 .077
.0688 .078
.0672 .080
.0700 .078
.0661 .078
.4085 .481
.4138 .478
.4279 .476
.4177 .482
.4189 .476
.4269 .484
.4276 .486
.4191 .481
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Table 1. cont.
Clay
soil/level oven dry CompuTrac soil/level oven dry CompuTrac
clay 04 .0363 .048 clay 10 . 0889 .102
.0928 .100
air dry .0363 .045 .O88O .101
.0884 .102
.0881 .101
.0908 .104
.0872 .099.0894 .102
clay 20 .1858 .210 clay 40 .3888 .433
.3816 .447
.3753 .437
.3786 .437
.3712 .425
.3684 .420
.3685 .411
.3550 .402
clay 50
0
.0358 .046
0
.0362 .044
.0356 .045
.0359 .046
.0359 .047.0360 .045
2
.1771 .207
.1848 .207
.1871 .208
.1890 .208
.1861 .209
.1871 .211
.1878 .213
.5408 .612
.5409 .602
.5371 .622
.5285 .619
.5420 .620
.5354 .595
.5273 .615
.5315 .609
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Table 1. cont.
Histic horizon
soil/level oven dry CompuTrac soil/level oven dry Compi
hist 03 .0310 .042 hist 20 .1699 .195
.0332 .039 .1776 .190
field .0285 .036 .1836 .188
.0377 .039 .1685 .197
.0299 .041 .1756 .190
.0333 .044 .1735 .189
.0303 .044 .1780 .198
.0285 .041 .1740 .188
hist 40 .3580 .413 hist 50 .5350 .697
.3680 .408 .5024 .652
.3621 .390 .5388 .642
.3542 .411 .5501 .688
.3573 .408 .5462 .602
.3645 .396 .5387 .623
.3512 .401 .5634 .624
.3871 .418 .5636 .625
hist 90 .9979 1.02
.7385 .894
.8297 1.01
.8398 1.09
.8470 1.01
.8698 .997
.8969 .972
.8450 .958
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Peat
soil/level oven dry CompuTrac soil/level oven dry CompuTrac
peat 05
peat 30
peat 50
peat 80
.0429 .041
,0446 .040
.0447 .041
.0484 .042
.0445 .048
.0487 .046
.0519 .048
.0508 .051
.2812 .284
.2806 .281
.2853 .278.2766 .279
.2821 .282
.2816 .286
.2722 .271
.2785 .284
.5055 .571
.5133 .540
.5338 .555
.5182 .548
.5053 .567
.5120 .575
.5163 .561
.5144 .573
.8315 .890
.8423 .898
.8261 .903
.8264 .917
.8178 .881
.8276 .899
.8217 .904
.8227 .888
peat 10
peat 40
peat 70
peat 100
.1123 .094
.1072 .096
.1099 .089
.1073 .090
.1101 .090
.1058 .091
.1088 .093
.1075 .095
.3704 .396
.3733 .387
.3790 .385
.3811 .386
.3822 .383
.3813 .391.3816 .375
.3679 .382
.7025 .738
.6722 .733
.6877 .742
.6863 .734
.6751 .736.6678 .714
.6678 .714
.6879 .744
1.034 1.17
1.025 1.19
1.009 1.23
1.018 1.20
1.025 1.20
1.034 1.21
1.021 1.18
1.011 1.18
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Table 2. Summary statistics for comparison of soil moisture analysis 
techniques. Includes a two-tailed t-test of the two techniques at each 
soil type/moisture content level. There are eight observations in each 
case.
Oven Dry CompuTrac t-test
Soil Level Ŝ CV̂ SÊ X S CV SE t prob
value
Ash 02 .0235 .0009 3.610 .000 .0336 .0013 3.874 .000 18.6 .0001
cap 07 .0675 .0024 3.490 .001 .0782 .0010 1.323 .000 10.1 .0001
20 .2429 .0059 2.431 .002 .2706 .0041 1.516 .001 10.7 .0001
40 .4200 .0070 1.673 .002 .4805 .0036 0.754 .001 24.0 .0001
60 .6042 .0092 1.517 .003 .6591 .0124 1.885 .004 9.81 .0001
Clay 04 .0360 .0003 0.696 .000 .0458 .0013 2.802 .000 21.5 .0001
10 .0892 .0018 2.029 .001 .1014 .0015 1.486 .001 16.6 .0001
20 .1856 .0037 1.975 .001 .2091 .0021 1.004 .001 20.5 .0001
40 .3734 .0102 2.730 .004 .4265 .0150 3.509 .005 18.0 .0001
50 .5354 .0058 1.080 .002 .6118 .0094 1.538 .003 18.6 .0001
Hist 03 .0316 .0031 9.791 .026 .0408 .0027 6.656 .020 6.36 .0004
20 .1751 .0048 2.744 .002 .1919 .0041 2.148 .001 6.25 .0004
40 .3628 .0112 3.095 .004 .4056 .0093 2.294 .003 10.4 .0001
50 .5416 .0196 3.627 .007 .6441 .0333 5.175 .012 6.73 .0003
90 .8581 .0726 8.464 .001 .9939 .0563 5.665 .001 5.56 .0009
Peat 05 .0471 .0033 7.065 .001 .0446 .0041 9.273 .001 -2.23 .0606
10 .1086 .0021 1.918 .001 .0922 .0026 2.824 .001 -13.4 .0001
30 .2798 .0040 1.424 .001 .2806 .0047 1.682 .002 0.61 .5615
40 .3771 .0057 1.512 .002 .3856 .0062 1.616 .002 2.49 .0419
50 .5148 .0090 1.740 .003 .5612 .0127 2.255 .004 7.20 .0002
70 .6809 .0122 1.793 .004 .7319 .0116 1.591 .004 16.6 .0001
80 .8270 .0074 0.899 .003 .9009 .0161 1.784 .006 12.3 .0001
100 1.022 .0094 0.915 .003 1.195 .0193 1.613 .007 20.4 .0001
Average CV = 2.879 Average CV = 2.794
Mean fractional moisture content
_ Standard deviation 
 ̂Coefficient of variation (Standard deviation / mean) X 100 Standard error of the mean (standard deviation / square root of the number of
observations).
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ASH CAP
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Figure 1. Comparison of moisture analysis techniques in ash cap soil, 
linear prediction line, and 95% confidence interval (dashed line).
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CLAY
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Figure 2. Comparison of moisture analysis techniques in clay soil, 
linear prediction line, and 95% confidence interval (dashed line).
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Figure 3. Comparison of moisture analysis techniques in histic soil, 
linear prediction line, and 95% confidence interval (dashed line).
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Figure 4 , Comparison of moisture analysis techniques in peat, linear 
prediction line, and 95% confidence interval (dashed line).
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ALL SOILS
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Figure 5. Comparison of moisture analysis techniques in all soils, 
linear prediction line, and 95% confidence interval (dashed line).
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The coefficient of variation is the ratio of the standard deviation 
to the mean. It measures variation relative to the mean, in this case 
of each moisture level. In general, the coefficient of variation 
decreases with increasing moisture content, indicating the rate of 
variation when compared to the sample moisture was not increasing. 
Therefore, the sensitivity of the drying techniques do not decrease 
with increased moisture content. An average of the coefficients of 
variation for each method, through all soils and all moisture levels, 
is 2.88 for oven dry and 2.79 for CompuTrac methods. Thus, the overall 
variation between samples is essentially the same for either method.
No attempt will be made to establish the most accurate method. The 
oven drying technique is standard for soils (Nimlos 1982, Hillel I98O), 
for peat (Day et al. 1979). and for duff (Bell and Van Wagner 1962. 
Norum and Miller 1984). Minor variations in the drying duration depend 
on recommended sample size, and drying temperature, 100°C to 
105°C. Because the oven dry technique is standard, moisture contents 
determined by other methods should be corrected to express a value 
equivalent to the expected oven dry value.
Linear regression analysis was used to determine a correction factor 
to apply to each soil and/or to the collective data set. The 
regression was forced through the origin because soil with 0 .0 moisture 
content does not lose weight upon heating by either technique. Table 3 
includes a linear regression analysis summary, displayed, along with 
the 95% confidence interval, on figures 1 through 5. Slopes differ 
little between individual soils or combined soil data. The standard 
error expresses an "average” standard deviation of the oven dry values
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from the values predicted by the regression. The maximum standard 
error occurred in the histic soil data, .035. within the range of 
variation occurring when running this soil by either method.
Though statistically the slopes are significantly different for each 
soil, for all practical purposes there is less difference than would be 
encountered due to sampling variability. All data was lumped, yielding 
a correction factor of .89 to result in CompuTrac moisture values 
corresponding to oven dry values. A test of a quadratic model on all 
soils combined indicated significant improvement, raising the 
value from .99^9 to .9973. However, little change occurs in the 
predictions over most values ranges and for all practical purposes, the 
simpler equation is adequate.
Table 3. Linear regression analysis summary statistics for each soil 
type through all moisture levels, and for all soils combined.
Soil Standard
Error
Slope Standard Error 
of slope
Ash Cap .9990 .0112 .9007 .00460
Clay .9996 .0060 .8758 .00273Histic .9950 .0347 .8606 .00967
Peat .9973 .0300 .8981 .00581
All Soil .9969 .0260 .8867 .00367
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The moisture analyzer has been programmed to compare the sample 
weight loss over time to a stylized weight loss curve at constant 
temperature. The final moisture content is estimated when the weight 
loss rate approaches 0. using an extrapolation from the typical 
exponential drying curve. When soils tested with the analyzer were 
placed in a drying oven to test for additional weight loss, none 
occurred. There was no additional moisture in the sample, though the 
analyzer estimates final moisture content based on the assuming a small 
amount of water remains. This may account for much of the moisture 
content over-estimation by the CompuTrac.
There are some limitations in using the CompuTrac moisture analyzer. 
Figure 6 displays the time to complete each analysis at varying 
moisture contents. Wet samples took up to 90 minutes to test, an 
unacceptable length of time for a field or lab situation where several 
tests are needed. Spreading the wet soil as opposed to placing a lump 
of wet soil on the sample pan can shorten the drying time by as much as 
30 minutes. The oven drying technique allows running many samples 
simultaneously and would be preferable for wet soils. For dry to moist 
samples, however, the CompuTrac would allow rapid moisture content 
determination.
Calibration of a moisture analyzer is recommended. Various models 
are set to reach specified heating temperatures depending on the 
substance analyzed. One model has a smaller oven size and smaller 
sample load limit. These differences could cause change in the 
analysis routine sufficient to warrant a different correction factor.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
148
1 0 0
80
c
E
60co
■+-»o
3
Q 40
"1"̂coQ) I— O P e a t  
V Hist ic  
o Ash c a p  
o Cloy
20
0.0 0.2 0.4 0.6 0.8 1.21.0
Average Moisture Content
Figure 6. Test duration for moisture analysis by CompuTrac Moisture 
Analyzer by soil type and moisture content.
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Summary
Tests comparing soil moisture contents determined by a standard oven 
drying technique and a CompuTrac Moisture Analyzer technique indicate 
the CompuTrac overestimates the moisture content as compared to oven 
drying, but the correlation between the results of the two methods is 
very high. The moisture content as determined by the CompuTrac could 
be "corrected" to an oven dry value by multiplying by .89. If several 
very moist to wet soil samples are run, the oven dry technique may be 
preferred because each CompuTrac analysis would take considerable time 
and only one sample can be run at a time. At moisture contents over 
FMC, more variability can be expected using either method due to 
variability in the individual samples. For low moisture content soils, 
in the lab or field, the CompuTrac analysis technique is a fast 
€iltemative to oven drying, yielding an answer in minutes.
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Peat b u m  residue analysis
When smoldering combustion sustains in uniform materials, the fuel 
reduces to a fairly uniform ash, particularly in deep or insulated fuel 
beds allowing heat build up. Burned peat beds left very little 
residue ; those not sustaining smoldering were barely reduced. The 
following tables detail the residue from a number of the bums in each 
series. Residue mass was measured following a b u m  test by removing 
the fuel from the b u m  box to a soil can, drying, then weighing. The 
weight remaining was adjusted by the inorganic content to determine the 
fraction of the organic matter bumed. Combustion is quite complete, 
though slow, by smoldering. The table does not give an exact 
accounting of fuel bed contents. Often some fine soil dust or ash was 
lost to the air in transferring the residue. At other times, residue 
stuck to the box from a previous b u m  came free when transferring 
residue from a subsequent test. The tables illustrate the relative 
completeness of b u m  in bumed beds and the lack of fuel reduction in 
those not sustaining beyond ignition.
The tables illustrate the dichotomous nature of the test result, 
indicating the sensitivity of smoldering to moisture, inorganic, and 
bulk density parameters. The lack of partially burned fuel beds 
indicates the fuel samples were uniformly mixed prior to ignition.
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Burn Residue Analysis
Silica 110 kg/m^ Series
Bum
ID
Burn
Result
Fraction
Organic
Mass
Remaining
Bum
ID
Burn
Result
Fraction
Organic
Mass
Remaining
133 No 1.01 156 Yes 0.01
134 No 0.97 157 Yes 0.02
135 Yes -0.02 158 No 0.97
136 No 0.94 159 No 0.93
137 No 0.94 160 No 0.96
138 No 0.94 161 No 0.95
139 Yes 0.03 162 No 0.90
140 Yes 0.03 163 No 0.96
l4l No 0.98 164 Yes 0.02
l42 Yes 0.00 165 Yes 0.05
143 Yes 0,05 166 Yes 0.05
144 No 0.93 167 No 0.99
145 Yes -0.00 168 Yes 0.03
146 No 0.97 169 Yes 0.01
147 Yes 0.01 170 No 0.98
148 No 0.94 171 No 0.98
149 No 0.93 172 No 0.95
150 No 0.94 173 No 0.98
151 No 0.91 174 No 0.95
152 No 0.95 175 No 0.96
153 No 0.95 176 No 0.96
154 No 0.95 177 No 0.95
155 Yes 0.03 178 Yes 0.03
30 "no burn" avg. residue = 0.95% of organic mass 
l6 " bum " avg. residue = 0.022 of organic mass
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Burn Residue Analysis
Ash cap 110 kg/m^ Series
154
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
4 No 0.89 41 No 0.92
5 Yes -0.18 42 Yes -0.10
6 No 0.89 43 Yes -0.09
7 No 0.87 44 Yes -0.09
8 No 0.90 45 No 0.92
9 No 0.81 46 No 0.91
10 No 0.87 47 No 0.87
11 No 0.83 48 No 0.86
12 Yes -0.13 49 Yes -0.10
13 No 0.91 50 Yes -0.12
14 No 0.88 51 Yes -0.11
15 No 0.92 52 No 0.96
16 No 0.89 53 No 0.91
17 Yes -0.11 54 No 0.95
18 Yes -0.12 55 Yes -0.07
19 Yes -0.11 56 Yes -0.05
20 Yes -0.14 57 Yes -0.03
21 Yes -0.12 58 No 0.92
22 Yes -0.15 59 No 0.91
23 Yes -0.12 60 No 0.88
24 Yes -0.13 61 Yes -0.10
25 Yes -0.11 62 Yes -0.06
26 No 1.02 63 Yes -0.09
27 No 0.97 64 No 0.89
28 No 0.96 65 Yes -0.11
29 No 0.95 66 No 0.90
30 Yes -0.08 67 Yes -O.O6
31 Yes -0.05 68 Yes -0.07
32 Yes -0.05 69 Yes -0.08
33 Yes 0.00 70 No 0.91
34 No 1.00 71 No 0.90
35 No 1.00 72 No 0.91
36 No 1.01 73 No 0.92
37 No 0.89 74 No 0.92
38 Yes -0.12 75 No 0.90
39 No 0.93 76 Yes -0.06
40 No 0.93 77 Yes -0.05
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Bum Residue Analysis
Ash cap 110 kg/m^ Series 
(Continued)
Bum
ID
Burn
Result
Fraction
Organic
Mass
Remaining
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
78 Yes -O.O6 115 No 0.92
79 Yes -0.01 116 No 0.91
80 Yes -0.04 117 Yes -0.10
81 No 0.92 118 Yes -0.08
82 No 0.95 119 Yes -0.07
83 No 0.93 120 No 0.94
84 No 0.94 121 No 0.95
85 Yes -0.05 122 No 0.95
86 Yes -0.07 123 Yes -0.06
87 Yes -0.07 124 No 0.92
88 No 0.82 125 Yes -0.08
89 No 0.85 126 No 0.94
90 No 0.86 127 No 0.94
91 No 0.91 128 No 0.94
92 Yes -0.06 129 Yes -0.08
93 No 0.95 130 No 0.92
94 No 0.98 131 Yes -0.05
95 Yes -0.07 132 Yes -0.07
96 Yes -0.06 133 No 0.94
97 No 0.91 134 No 0.93
98 No 0.87 135 Yes -0.04
99 Yes -0.10 136 Yes -0.07
100 Yes -0.10 137 Yes -0.08
101 No 0.91 138 Yes -0.07
102 No 0.86 139 No 0.95
103 Yes -0.10 l40 Yes -0.02
104 Yes -0.08 l4l Yes -0.00
105 No 0.93 142 Yes -0.02
106 Yes -0.07 143 Yes -0.05
107 Yes -0.10 144 No 0.96
108 No 0.93 145 No 1.03
109 No 0.90 146 Yes 0.03
110 No 0.95 147 Yes 0.02
111 No 0.92 148 Yes -0.01
112 No 0.87 149 Yes -0.02
113
114
No
No
0.87
0.91
150 No 0.94
78 "no burn" avg. residue = O.918 of organic mass 
69 " bum" avg. residue =-0.075 of organic mass
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Bum Residue Analysis
Clay 110 kg/m^ Series
156
Burn
ID
Bum
Result
Fraction
Organic
Mass
Remaining
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
1 No 0.84 35 Yes 0.03
2 Yes -0.07 36 No 0.98
3 Yes -0.09 37 No 0.99
4 Yes -0.07 38 No 0.94
5 Yes -0.02 39 No 0.96
6 No 0.88 40 No 0.95
7 No 0.78 41 Yes -0.01
8 Yes -0.03 42 Yes -0.01
9 No 0.86 43 Yes -0.01
10 Yes -0.01 44 No 0.95
11 Yes -0.04 45 No 0.98
12 Yes -0.02 46 No 0.96
13 No 0.85 47 Yes -0.01
14 No 0.89 48 Yes -0.02
15 Yes -0.02 49 Yes -0.01
16 No 0.90 50 Yes -0.02
17 Yes 0.05 51 Yes -0.04
18 Yes 0.03 52 Yes -0.02
19 Yes 0.02 53 Yes -0.04
20 Yes -0.00 54 No 0.93
21 Yes 0.00 55 No 0.91
22 No 0.92 56 No 0.91
23 Yes -0.08 57 No 0.93
24 Yes -0.03 58 No 0.91
25 No 0.92 59 Yes -O.O6
26 No 1.02 60 Yes -0.04
27 No 0.96 61 Yes -0.03
28 Yes 0.01 62 Yes 0.03
29 No 0.95 63 Yes -O.O5
30 No 0.95 64 Yes -0.02
31 No —  —  —  * 65 Yes -0.02
32 No 1.01 66 No 0.95
33 Yes 0.01 67 No 0.86
34 Yes 0.05 68 Yes -0.02
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Burn Residue Analysis
Clay 110 kg/m^ Series 
(Continued)
Burn
ID
Bum
Result
Fraction
Organic
Mass
Remaining
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
69 No 0.92 103 Yes -0.04
70 No 0.95 104 Yes -0.01
71 No 0.92 105 No 0.89
72 Yes -0.05 106 Yes -0.05
73 No 0.90 107 No 0.93
74 Yes -0.03 108 No 0.93
75 No 0.96 109 No 0.95
76 No 0.95 110 Yes -0.01
77 No 0.96 111 Yes -0.02
78 No 0.97 112 Yes -0.03
79 No 0.96 113 No 0.94
80 Yes 0.00 114 Yes -0.03
81 Yes -0.01 115 Yes -0.01
82 Yes -0.01 116 No 0.92
83 Yes -0.02 117 Yes -0.01
84 Yes -0.02 118 No 0.94
85 Yes -0.01 119 No 0.95
86 Yes -0.01 120 No 0.94
87 Yes -0.02 121 No 0.95
88 Yes -0.02 122 No 0.92
89 No 0.96 123 Yes -0.01
90 No 0.95 124 Yes -0.00
91 No 0.94 125 No 0.06
92 No 0.93 126 Yes 0.99
93 Yes 0.00 127 No 0.96
94 No 0.94 128 Yes 0.03
95 No 0.95 129 No 1.02
96 Yes 0.00 130 No 1.00
97 Yes 0.01 131 No 0.98
98 Yes -0.01 132 No 0.98
99 No 0.78 133 No 0.98
100 No 0.85 134 No 0.98
101
102
No
Yes
0.88
-0.03
135 No 0.99
68 "no burn" avg. residue = 0.921 of organic mass 
67 " bum" avg. residue =-0.0l6 of organic mass
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Bum Residue Analysis
Silica 110 kg/m^ Series 
(Sunshine Peat)
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
Bum
ID
Bum
Result
Fraction
Organic
Mass
Remaining
1 No 0.98 22 No 0.98
2 No 0.95 23 Yes 0.02
3 No 0.96 24 Yes 0.03
4 Yes 0.01 25 Yes 0.04
5 No 0.97 26 No 1.06
6 No 0.96 27 No 0.97
7 No 0.97 28 No 0.97
8 Yes 0.02 29 No 0.96
9 Yes 0.02 30 No 0.97
10 No 0.96 31 No 0.93
11 No 0.96 32 No 0.94
12 No 0.96 33 No 0.89
13 Yes 0.01 34 No 0.95
14 Yes 0.02 35 Yes 0.03
15 Yes 0.01 36 No 0.98
16 Yes -0.00 37 Yes -0.01
17 No 0.95 38 Yes 0.01
18 No 0.92 39 Yes 0.01
19 No 0.95 40 No 1.05
20 Yes 0.00 41 No 1.08
21 Yes 0.02 42 Yes 0.07
25 "no bum" 
17 " bum"
avg. residue 
avg. residue
0.969 of organic mass 
0.018 of organic mass
Overall
201 "no bum" avg. residue = 0.931 of organic mass 
169 " bum" avg. residue =-0.033 of organic mass
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX IV 
Duff Series Data
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Duff B u m  Series
Several duff monoliths were ignited to measure the smoldering 
combustion spread rate and to obtain time-temperature histories. Tests 
1 through I3B, 39, and UO were conducted in the field. Tests l4 
through 38 were conducted in the lab on monoliths removed from the 
site. Some were placed in a conditioning cabinet to alter the moisture 
content from their late summer, dry condition. The duff was ignited by 
surface fire passing over the litter, or by applying a small, ignited, 
charcoal briquet to the bed surface. Many monoliths would not sustain 
smoldering, leading to this investigation of properties limiting 
smoldering combustion in duff.
This appendix contains tables detailing the fuel bed properties. The 
bulk density and inorganic content ranges were used as guidelines in 
developing the ranges used for the smoldering combustion limits study.
Fires not sustaining generally stopped burning in the humus layer. A 
well decomposed humus layer is quite similar in particle size, shape, 
and ability to hold moisture to the peat used in this study.
Parameters used to model the probability of smoldering in peat are 
listed. A scatterplot of bum outcome in humus shows the relationship 
of smoldering combustion limits to moisture and mineral content is 
similar to that in peat. Higher bulk density in humus, as compared to 
the peat tests, may play a significant role in restricting the 
combustion limit boundary. Fiiel particle parameters may also be 
involved. In these tests, fuel bed depth was not controlled.
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Duff Burn Series 
Location and Cover Type
l6l
Bum ID Location Cover Species
1-9 . 39 Nine Mile Exit 
(Huson, MT)
Ponderosa pine
lOA&B,
35-38
Wagon Mountain Rd 
(Alberton, MT)
Lodgepole pine
IIA&B,
16,17.
31.32
Charette Gulch 
(Superior, MT)
Douglas-fir
12A&B
22-25
West Side By-Pass 
(Seeley Lake, MT)
Western larch. lodgepole pine
14.
18-21
Gillispie Creek 
(Clinton, MT)
Douglas-fir
26-30 Archibald Loop 
(Seeley Lake, MT)
Subalpine fir. Western larch 
Engelmann spruce
40 Rattlesnake Creek 
(Missoula, MT)
Western larch
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Duff B u m  Series 
Average Dry Heat Content (MJ/kg)
162
Location Litter Fermentation Humus
Nine Mile Exit 21.4 18.6 12.7
Wagon Mountain Rd. 21.0 18.8 16.3
Charette Gulch 19.7 16.6 12.7
West Side By-Pass 19.5 18.3 18.2
Gillispie Creek 20.2 19.4 17.3
Archibald Loop 19.6 19-5 16.9
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CD"DOQ.
CgQ.
■D
CD
Duff Burn Series
C/)
C/) Physical Properties Summary (Litter, Fermentation, Humus)
CD
8
CD
3.3"
CD
CD■DOQ.Cao3"Oo
CDQ.
■D
CD
C/)
C/)
Burn
ID
Duff Depth 
L F H 
(cm)
Moisture Content 
L F H 
(fractional)
Mineral Content 
L F H 
(fractional)
Organic Cone. 
L F _ H 
(kg/m̂ )
Bulk Density 
L F H 
(kg/m̂ )
1 1.6 0.9 2.0 .096 .095 .116 .029 .146 .350 16 97 122 16 114 188
2 1.8 0.8 0.5 .108 .093 .077 .003 .192 .490 17 112 74 17 139 146
3 1.7 3.7 2.4 .074 .099 .156 .060 .138 .276 31 74 132 33 86 182
4 1.5 1.1 0.8 .141 .123 .059 — .726 --- 124 18 99 453
5 1.7 3.0 3.5 .130 .134 .195 — — —— — — — — — —— — —— — - — 24 61 177
6 1.4 1.0 1.6 .131 .135 .116 --— — — —— .520 - —— - 114 31 43 238
7 1.5 3.0 2.6 .131 .245 .328 .389 --- --- 114 22 80 186
8 1.5 1.4 1.2 .166 .157 .114 .643 — • — — —— 106 16 45 296
9 1.4 2.8 0.9 .126 .155 .140 ---- — — — — .621 — — — — — — 121 15 55 318
lOA 1.0 2.2 4.0 .138 .158 .664 .037 .167 .258 36 60 148 37 72 205
lOB 0.8 1.7 0.8 .136 .100 .245 .044 .164 .558 34 40 122 36 48 275
llA 1.6 0.8 1.2 .140 .147 .199 .085 .154 .648 23 98 107 25 116 325
IIB 1.3 0.9 1.9 .140 .147 .199 .134 .242 .734 15 73 94 17 96 358
12A 0.8 1.1 5.3 .107 .118 .197 .108 .176 .210 18 32 116 21 38 146
12B 0.7 2.2 3.8 .107 .118 .197 .110 .176 ,426 60 38 107 69 46 252
13A 0.9 0.4 4.6 .130 .143 .360 .044 .101 .180 28 99 172 29 111 210
13B 0.8 0.6 7.6 .130 .143 .360 .044 .136 .189 38 112 190 40 128 234
14 1.0 0.8 1.8 .099 .102 .120 .038 .146 .564 46 40 124 48 47 284
IS 1.0 1.2 1.0 .108 .128 .241 .065 .184 .396 24 34 168 26 42 270
16 2.1 1.2 2.4 .137 .129 .170 .080 .232 .386 28 44 122 30 57 196
17 1.0 1.0 1.0 .085 .085 .075 .057 .147 .618 26 57 222 28 66 586* 1 
l8 0.6 1.6 4.2 .094 .099 .129 .066 .157 .328 51 60 116 55 71 173
19 0.5 0.9 4.2 .109 .118 .151 .071 .179 .206 54 31 109 58 38 137
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Duff Burn Series 
(Humus)
Predictive Parameters and Bum Result
B u m
ID
Humus
Depth
(cm)
Moisture
Ratio
Inorganic
Ratio
Organic
Cone.
(kg/m)
B u m
Result
1 2 .0 0.1788 0.54 122 Yes
2 0.5 0.1564 1.03 74 No
3 2 .4 0.2095 0.34 132 Yes
4 0 .8 0.2153 2.65 124 No
5 — sample 5 was not ignited ----
6 1.6 0.2484 1.14 114 No
7 2 .6 0.5247 0.60 114 Yes
8 1.2 0.3206 1.81 106 No
9 0 .9 0.3819 1.73 121 NolOA 4 .0 0.8461 0.27 148 NolOB 0 .8 0.5440 1.22 122 NollA 1.2 0.5345 1.69 107 NoIIB 1.9 0.7266 2.65 94 No
12A 5 .3 0.2568 0.30 116 Yes
12B 3.8 0.3001 0.52 107 Yes
13A 4 .6 0.4394 0.22 172 Yes
13B 7 .6 0.4524 0.26 190 Yes
14 1.8 0.2760 1.30 124 No
15 1.0 0.3989 0.66 168 Yes
16 2.4 O.27O8 0.59 122 Yes
17 1.0 0.1960 1.61 222 Yes
18 4 .2 0.1919 0.49 116 Yes
19 4 .2 0.1901 0.26 109 Yes
20 2.4 0.0000 0.67 93 No
21 2.2 ’ 0.1545 0.36 136 Yes
22 1.7 0.1308 0.32 111 Yes
23 8.2 0.1571 0.01 266 Yes
24 1.4 0.2133 0.42 165 Yes
25 1.5 0.1014 0.56 78 No
26 8 .2 0.2450 0.16 130 Yes
27 3.2 0.1971 0.23 104 Yes
28 6.0 0.1263 0.25 74 Yes
29 2.7 0.2728 0.36 114 Yes
30 1.4 0.1946 0.34 83 No
31 1.9 0.2658 0.75 82 Yes
32 0.6 0.2100 3.12 116 No
33 3.1 0.1622 0.56 98 Yes
34 2.0 0.2174 1.62 97 No
35 0 .8 0.1011 0.55 105 No
36 7.2 0.1439 0.44 127 Yes
37 4.3 0.2094 0.20 155 Yes38 10.0 0.0943 0.10 107 Yes
39 1.4 0.1771 0.60 110 Yes40 15.8 0.6759 0.21 130 Yes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
166
HUMUS
o
CL
0L_
3
en
‘o
.2
.0
A No Burn 
▲ Burn
0.8
0.6
0.4
0.2
0.0 2 3 4 5
norganic Ratio
Figure 1. Burn ouccome from test burns in duff displayed by humus 
moisture and inorganic ratios.
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